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PREFACE 


The thesis entitled: "Photochemical Transformations of 
Selected Oxygen and Nitrogen Heterocycles" consists of three 
chapters. 

Chapter I deals with our studies on the phototransforma- 
tions of epoxyindanone adducts such as 6,7-dibenzoyl-8 ,9-di- 
hydro-5 ,8-diphenyl-5H-5,8-epoxybenzocyclohepten-9-one ( 19a ) , 
dimethyl 8 ,9-dihydro-5 ,8-diphenyl-5H-5, 8-epoxybenzocyclohepten- 
9-one-6 , 7-dicarboxylate ( 19b ) , methyl 8,9-dihydro-5,7,8-tri- 
phenyl-5H-5,8-epoxybenzocyclohepten-9-one-6-carboxylate ( 19c ) , 

8 ,9-dihydro-5,7 ,8-triphenyl-5H-5 ,8-epoxybenzocyclohepten- 
9-one ( 19d ) , 8,9-dihydro-5,6,7,8-tetraphenyl-5H-5,8-epoxy- 
benzocyclohepten-9-one ( 19e ) , and dimethyl 8,9-dihydro-5-me- 
thyl-8-phenyl-5H-5 ,8-epoxybenzocyclohepten-9-one-6 , 7-dicarbo- 
xylate (22). 

Irradiation of 19a-c in solvents such as acetone, benzene 
and a mixture (1:9) of benzene and methanol exhibited singlet 
state-mediated photoisomerization leading to 2,5-diphenylin- 
deno[ 1 , 2-b] furan- 4-ones 25a-c in good yields. However, irra- 
diation of 19d and 19e in benzene and in a mixture (1:9) of 
benzene and methanol exhibited triplet state-mediated reactions 
leading to naphthalene derivatives 26d and 26e , respectively, 
in addition to the singlet state-mediated products 25d and 25e . 
Under the conditions of workup, both 26d and 26e were isolated 


ix 



27d and 28e, respectively. In contrast, the irradiation 


of 19d in acetone gave mostly 27d. Interestingly, the forma- 
tion of 27d was completely suppressed, when the irradiation of 
19d was carried out in air-saturated benzene. Irradiation of 
22 in acetone, benzene and methanol gave the naphthalene 
derivative most probably via singlet state-mediated path- 

ways. Thermal transformations of 19a and 19b , on the other 
hand, gave decarboxylated products such as 39a ,b , in addition 
to the indenofurans 25a .b . Nanosecond, laser excitation of 
19a-e gave transient absorptions, tentatively assigned to 
biradicals from Norrish type I photocleavage. In some cases, 
triplets acting as precursors for the di-n -methane rearrange- 
ment leading to naphthalene derivatives have been observed 
under energy-transfer excitation* 

The results of our investigations on the phototransforma- 
tions of benzoylaziridines are described in Chapter II. The 
substrates studied in this connection include trans- l-cyclo- 
hexyl-2 ,3-dibenzoylaziridine ( 21a ) , cis -l-cyclohexyl-2,3-di- 
benzoylaziridine ( 21b ) , trans- l-benzyl-2, 3-dibenzoylazlrldine 
trans -2-pheny 1-3-ben zoylazlri dine (23) and trans -1 , 3-di- 
benzoyl-2-phenylaziridine (24). Laser flash photolysis studies 
21a, b , 22 and ^ and a few other related substrates such as 
trans -l-cyclohexyl-2-phenyl-3-benzoylaziridine ( la ) , cls -l-cy- 
clohexyl-2-phenyl-3-benzoylaziridine (lb), trans -2-p-anisvl- 
l-cyclohexyl-3-benzoylaziridine (25), cis -l-cyclohexyl-2-p- 
tolyl-3-benzoylazirijdine (26) , and cis -l-cyclohexyl-2-phenyl- 
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3-p-anisoylaziridine (27) have also been carried out to 
explore the mechanisms of the observed phototransformations. 

Irradiation of the dibenzoylaziridines such as 21a ,b in 
benzene gave the enaminedione ^ as the only isolable product. 
Similarly, 22 , when irradiated in benzene gave the enaminedione 
38 , along with products such as trans -dibenzoylethylene ( 36 ) 
and benzaldehyde (^). Irradiation of 23, on the other hand, 
gave a mixture of products such as the dihydropyrazine 44, 

benzamide (46), acetophenone (47), the pyrazine 48 and 2,5~di- 
phenylpyrazine (^). Irradiation of 24 in benzene gave a mix- 
ture of 2 , 5-diphenyloxazole (1J7)» benzamide (^) and benzoic 
acid ( ^) . 

Nanosecond laser flash photolysis and pulse radiolysis 
of benzoylaziridines in fluid solutions gave the corresponding 
azomethine ylide intermediates, characterized by absorptions 
at longer wavelengths (450-4S0 nm) through the intermediacy of 
short-lived carbonyl triplets. The involvement of azomethine 
ylide intermediates was further confirmed by trapping experi- 
ments. Thus, the irradiation of a mixture of and dimethyl 
acetylenedicarboxylate (DMAD) in acetonitrile, for example, 
gave a mixture of the pyrroline 57a and the pyrrole Simi- 

larly, 1^, under analogous conditions gave the isomeric pyrro- 
line 57b, along with the pyrrole 59b . Irradiation of 21a in 
acetonitrile in the presence of DMAD gave a mixture of the 
pyrroline ^ and the pyrrole 6^. Similar results were obtained 
when the irradiation of 21b was carried out in the presence of 
DMAD. Ketyl-type biradical intermediates formed via intramol- 
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ecular electron or hydrogen atom transfer, were short lived, 
except in the case of trans -2-phenyl-3~benzoylaziridine (23). 

The laser excitation of 23 led to a permanent photoproduct, 
assigned to the 1,3-butadiene analogue 42, formed through the 
intermediacy of a relatively long-lived biradical 39 . 

Chapter III deals with our investigations on the photo- 
transformations of a few benzopyranol systems containing 1,2-di- 
benzoylalkene moieties. The substrates that we have studied 
include 2, 3-dibenzoyl-4H-l-benzopyran-4-ol ( 16a ) , 2 , 3-dibenzoyl- 
4-methyl-4H-l-benzopyran-4-ol (16b), 2, 3-dibenzoyl-lH-naphtho- 
[2,l-b]pyran-l-ol ( 16c ) , and 2,3-dibenzoyl-2H-l-ben2opyran- 
2-ol ( 15a ) . Nanosecond laser flash photolysis studies of 
16a-c , 15a and a few other related systems such as 2,3-dibenzoyl- 
3H-naphthoL2,l-bJpyran-3-ol ( 15c ) . 2,3-dibenzoyl-2-methoxy-2H- 
1-benzopyran ( 18a ) , and 2, 3-dibenzoyl-3-methoxy-3H-naphtho- 
[2,l-b]pyran ( 18c ) have also been carried out to characterize 
the nature of the transients involved in these photo transforma- 
tions . 

Irradiation of 16a , c , for example, gave the 2-pyranols 
1 5a , c and their methoxy analogues 18a , c , depending on the sol- 
vents employed. However, the irradiation of 16b in solvents 
such as acetone, benzene and methanol gave exclusively the 
dehydration product 19b . In the case of 16c , a product such as 
22c was also isolated, in addition to 15c , when the irradiation 
was carried out in benzene. Irradiation of 15a in methanol gave 
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the methoxy derivative 18a . The formation of the various 


products in these reactions could be explained through the 
intermediacy of carbocations 21a-c , produced as a result of 
photodehydroxylation. Nanosecond laser flash photolysis 
studies of 15a , c , 16a-c , and 18a , c in benzene or methanol 
revealed the formation of triplets, characterized by unusually 
short life-times, which testify to the reactive nature of 
these triplets. In addition, longer-lived transient species 
characterized by absorptions at longer wavelengths (700-800 nm 
were observed in the cases of 15a , c . which are assigned to bi- 
radicals produced through triplet-mediated C 2 -O bond cleavage. 

Reasonable mechanisms have been suggested to account for 
the formation of the different products in these reactions. 


Note ; The numbers of the various compounds given here corres- 
pond to those given under the respective chapters. 
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CHAPTER I 


PHOTOTRANSFORMATIONS OF EPOXYINDANONE ADDUCTS 

I.l ABSTRACT 

Phototransformations of several epoxyindanone adducts 
such as 6,7-dibenzoyl“8,9-dihydro-5,8-diphenyl-5H-5,8-epoxy- 
benzocyclohepten-9-one (19a), dimethyl 8,9-dihydro-5,8“di- 
phenyl-5H-5,8-epoxybenzocyclohepten-9-one“6,7-dicarboxylate 
( 19b ) ♦ methyl 8,9-dihydro-5,7,8-trtphenyl-5H-5,8“epoxybenzo- 
cyclohepten-9“One~6-carboxylate (19c), 8 ,9-dihydro~5,7,8-t^i-- 
phenyl-5H-5 ,8-epoxybenzocyclohepten-9-one (19d), 8,9-dihydro- 
5, 6,7,8-tetraphenyl-5H-5,8-epoxybenzocyclohepten-9-one ( 19e ) , 
and dimethyl 8 ,9-dihydro-5-methyl-8“phenyl-5H-5,8-epoxybenzo~ 
cyclohepten-9-one-6,7-dicarboxylate (22) have been investiga- 
ted by steady-state photolysis, product analysis and laser 
flash photolysis. 

Irradiation of 19a-c in solvents such as acetone, 
benzene and a mixture (1:9) of benzene and methanol exhibited 
singlet state-mediated photoisomerizations leading to 2,8-di- 
phenylindeno[l,2-b]furan-4-ones 25a-c in good yields. However, 
irradiation of 19d and 19e in benzene and in a mixture (1:9) 
of benzene and methanol exhibited triplet state-mediated rea- 
ctions leading to the naphthalene derivatives 26 d and 26e . 
respectively, in addition to the singlet state-mediated products 
25d and 25e . Under the conditions of workup, both 26d and 



2 


26e were isolated as 27d and 28e . respectively. In contrast, 
the irradiation of 19d in acetone gave mostly 27 d . Interesting- 
ly, the formation of 27d was completely suppressed, when the 
irradiation of 19d was carried out in air-saturated benzene. 
Irradiation of 22 in acetone, benzene and in methanol gave 
the naphthalene derivative in moderate yields, most pro- 

bably via singlet mediated pathways. 

Reasonable mechanisms for the formation of the different 
products in these reactions have been suggested. Nanosecond 
laser pulse excitation of 19a-e gave transient absorptions, 
tentatively assigned to biradicals from Norrish type I photo- 
cleavage. In some cases, triplets acting as precursors for 
the di-n -methane rearrangements to naphthalene derivatives, 
have been observed under energy-transfer sensitization. 

1.2 INTRODUCTION 

Photochemical transformations of several 1,4— and 1,2— epoxy 

compounds containing carbonyl substituents have been reported 

1— R 

in the literature. Thus, it has been observed that the 

direct irradiation of the benzoxanorbornadienes la, b , for 
example, leads to the corresponding oxaquadricyclanes 2a , b , 
presumably through a [u S + it S] type of addition. In con- 
trast, the sensitized irradiation of la ,b leads to the forma- 
tion of the corresponding indene derivatives 7a , b (Scheme I.l). 
It has been suggested that the initially formed triplet state 
intermediates in these cases undergo transformation to the 
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Scheme 1 .1 





7_a ,b 
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corresponding tetracyclic intermediates 6a, b « through the 
biradical intermediates 4a, b and 5a, b . Subsequent rearrange- 
ment of 6a ,b will lead to the observed products 7a, b . 

Phototransformations of several 1,4-epoxy compounds con- 
taining 1 , 2 -diben 2 oylalkene moieties have been reported earlier 

8 

from this laboratory* It has been observed that these sub- 
strates undergo transformation in two distinct pathways - one 
involving the reaction of the 1,4-epoxy component and the 
other related to the rearrangement of the 1,2-dibenzoylalkene 
component. Thus, the irradiation of 7-oxa-2,3-dibenzoyl- 
bicyclo[ 2. 2. l]hepta-2, 5-diene (8) in benzene, for example, gave 
the cyclopentadiene derivative 3^, involving the reaction of 
the 1,4-epoxy component (Scheme 1,2), Interestingly, the 
irradiation of 7-oxa-2,3-dibenzoylbicyclo[2.2.l]hept-2-ene 
( 13) in methanol, on the other hand gave the ester W, involv- 
ing the 1,2-dibenzoylalkene component, as shown in Scheme 1,2. 

In the present investigation, we have examined the photo- 
transformations of a few epoxyindanone adducts with a view to 
understand the nature of the products formed in these reactions 
and also to characterize the transients involved in these 
reactions, through laser flash photolysis studies. The sub- 
strates that we have examined in this connection include, 

6 . 7- dibenzoyl-8 , 9-dihydro-5 , 8-diphenyl-5H-5 , 8-epoxybenzocy do- 
hep ten-9-one(l£a), dimethyl 8,9-dihydro-5,8-diphenyl-5H- 

5.8- epoxybenzocyclohepten-9-one-6, 7-dicarboxy late (19b) , 
methyl 8,9-dihydro-5,7,8-triphenyl-5H-5,8-epoxybenzocyclo- 
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hepten-9-one“6~carboxylate ( 19c ) , 8,9“dihydrO“5,7 ,8-triphenyl- 
5H-5,8-epoxybenzocyclohepten~9-one ( 19d ) , 8,9-dihydro- 
5,6,7,8-tetraphenyl-5H-5,8-epoxybenzocyclohepten-9-one ( 19e ) , 
and dimethyl 8,9“dihydro-5~methyl-8-phenyl-5H--5,8-epoxybenzo- 
cyclohepten--9-one~6,7-dicarboxylate (22). Examination of the 
structural features of these substrates reveals that they are 
multichromophoric systems and therefore should be capable of 
undergoing different types of photoreactions such as the 

9 

Norrish type I photocleavage, the di-it -me thane rearrangement 
and the 1,2-dibenzoylalkene rearrangement. 

1.3 RESULTS AND DISCUSSION 

1.3.1 Preparation of Starting Materials . The epoxy- 
indanone adducts 19a-e were prepared in yields ranging 
between 69-95;^ through the thermal addition of the carbonyl 
ylide formed from 2,3-diphenyl-2,3-epoxy-l-indanone (1/7) with 
the appropriate dipolarophiles ( 18a-e ) (Scheme 1.3), The 
epoxyindanone 2^, however, did not give the adduct 22 under 
thermal conditions. Subsequently, we observed that the 
adduct 22 could be prepared in moderate yields from 21 under 
photochemical conditions. Minor amounts of other products 
such as the isocoumarin 23 and the dimer 2A were also formed 
under these conditions. (Scheme 1.4, see also the experi- 
mental section). Of these adducts, 19b ^^ and 19e^^ were 
reported earlier. The structures of the adducts 19a , 19c , 19d 
and 22 and the dimeric species 24 were established on the 
basis of analytical results, spectral data and literature 
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Scheme 1.4 
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p receden ts. 

1.3.2 Preparative Photochemistry and Product Identifica- 
tion . Irradiation (RPR, 3000 %) of an acetone solution of 
19a gave a 33'/. yield of an isomeric product, identified as 
3 , 3a~dibenzoyl-3a ,8b-dihydro-2,8b-diphenylindeno[l, 2-b]furan- 
4-one ( 25a ) (Scheme 1.5). Similar results were obtained when 
the irradiation of 19a was carried out in benzene and in a 
mixture (1:9) of benzene and methanol. The structure of 25a 
was established on the basis of analytical results, spectral 
evidence and chemical transformations. Treatment of 25a with 
sodium methoxide in methanol, for example, gave the enol-ester 
29a (Ky/.) t which could be acetylated by treatment with acetic 
anhydride to give the ester 30a {AT/.), Similar hydrolysis of 

Indenone derivatives have been reported earlier in the litera- 

28 

ture. Further confirmation of the structure of 25a was 
obtained through X-ray crystallographic analysis. Figure I.l 
shows the computer-generated drawing of the structure of 25a . 

Similarly, the irradiation of 19b in acetone, benzene and 
in a mixture (1:9) of benzene and methanol gave the rearranged 
product 25b (60-77j^). Treatment of 25b with sodium methoxide 
in tetrahydrofuran (THF) gave the enol-ester 29b ( 56-/ ) 

(Scheme 1.5). Likewise, the irradiation of 19c in acetone, 
benzene or in a mixture (1:9) of benzene and methanol gave the 
corresponding rearranged product 25c (55-80^). 

Irradiation of 19 d in benzene, on the other hand, gave a 
mixture of the tricyclic compound 25d {43/.) and the naphthalene 
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Scheme 1.5 
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Fig. 1.1 Computer -generated drawing of 25a 
derived from the X-ray coordinates 
i with hydrogens omitted for clarity. 
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derivative 27 d (liy.), along with a 30/. recovery of the un- 
changed 19d. Similarly, the irradiation of 19d in a mixture 
(1:9) of benzene and methanol gave a mixture of 25d (36j^), 

27d (13/^), and the unchanged 19d (22/.). In contrast, the 
irradiation of 19d in acetone gave a 80/ yield of 27 d , along 
with a small amount (5/) of 25d . Interestingly, the irradia- 
tion of 19 d in air-saturated benzene gave 25d (33/) as the 
only isolable product, along with substantial amounts (55/) of 
the unchanged starting material (19d) (Scheme 1.5). 

Irradiation of 19e in acetone gave a mixture of the tri- 
cyclic compound 25e (35/), 4-benzoyl-2,3,4-triphenyl-4H-l-na- 
phthone ( 26e , 25/), and 2, 3,4-triphenyl-l-naphthol ( 28e , 15/). 
Similarly, the irradiation of 19e in benzene and in a mixture 
(1:9) of benzene and methanol gave a mixture of 25e (30-33/), 
26e (5-10/), 28 e (7-25/), and some unchanged 19 e (15-25/), in 
each case. The structures of all the photoproducts were 
established on the basis of analytical results, spectral data 
and chemical evidence. Treatment of 26e with aluminium 
chloride in methylene chloride, for example, gave a 64/ yield 
of 28e.'^*^^ 

Irradiation of an acetone solution of ^ gave a 35/ yield 
of a product, identified as dimethyl 4-methyl-l-naphthol- 
2, 3-dicarboxylate (^), along with a 60/ recovery of the un- 
changed starting material (22) (Scheme 1.6). Similarly, the 
irradiation of 22 in benzene and in methanol gave a mixture of 
32 (14-17/) and some unchanged ^ (65-8^), in each case. The 
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structure of the naphthol product ^ was confirmed through 

analytical results, spectral data and chemical evidence. Thus, 

treatment of ^ with concentrated hydrochloric acid, for 

example, gave the naphthoic acid derivative 35 (47;^), which 

could be further transformed to 3^, in a 63/. yield by treatment 

30 31 

with diazomethane as shown in Scheme 1.6. ’ 

1.3.3 Thermal Transformations of 19a and 19b . Thermo- 
lysis of 19a at ca. 300-310 °C for 3 h in a sealed tube gave 
a 25*/. yield of the rearranged product 25a and a small amount 
of 2, 3-dibenzoyl-l ,4-diphenylnaphthalene ( 39a , 5/), along with 
a 32/ recovery of the unchanged starting material ( 19a ) 

(Scheme 1.7). Similarly, neat heating of 19b at ca, 290-295 °C 
for 1.5 h gave a mixture of 25b (7/), dimethyl 1,4-diphenyl- 
naphthalene-2,3-dicarboxylate ( 39b , 3/), the epoxynaphthalene 
derivative (2/), and the unchanged starting material ( 19b , 
52/). When 19b was heated at ca. 290-295 °C for a longer 
period (3 h), better yields of 25b (20/) and 39b (35/) were 
obtained (Scheme 1.7). 

1.3.4 Discussion . The formation of the different pro- 
ducts in the phototransformations of 19a-e could be understood 
in terms of the pathways shown in Schemes 1.8 and 1.9. Apriori, 
the rearranged products 25a-e could arise through a singlet 
state mediated pathway. Involving the ketene intermediates 
37a-e (path 'a') or alternatively, through the singlet biradi- 
cal intermediates 41a-e and 42a-e (path 'b' ), as shown in 


Scheme 1.8. Mention may be made here that benzoxocinones 38 
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Scheme 1.7 
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Scheme 1 .8 
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(Scheme 1.7), which could be formed by the cyclization of 
ketene intermediates 37a-e or the biradical intermediates 
42a~e were not isolated in these reactions. Also, no ketene 
derived addition products, such as acids or esters could be 
isolated when the irradiation of 19a--e was carried out in a 
mixture (1:9) of benzene and methanol. This would suggest 
that either the ketene intermediates 37a-e are not involved 
in these reactions or they undergo rapid electrocyclic 
ring-closure to give the corresponding cyclized products, 

25a-e . The formation of the naphthalene derivatives 26d,e 
in the reactions of 19d,e , however, can be explained in 
terms of a di-it -me thane rearrangement (Zimmerman rearrange- 
ment),^ proceeding through the triplet excited state, as 
shown in Scheme 1.9. The triplet excited states of 19d,e , 
for example, can rearrange to the tetracyclic oxetane deri- 
vatives 44d,e , through the biradical intermediates 43d, e 
45d,e , respectively. Further transformation of 44d,e 
will lead to the naphthones 26d.e . Direct conversion of 
45d,e to 26d,e is also a feasible pathway. The formation of 
the observed products such as 27d from 26d could be under- 
stood in terms of a prototropic shift, whereas 28 e may arise 
through a hydrolytic cleavage of 26e . The fact that acetone- 
sensitized irradiation of 19d gave 27 d in high yields and also 
that the irradiation of 19d in air-saturated benzene totally 
suppressed the formation of 27d, supports the assumption that 
triplet state mediated pathways are involved in these trans- 
formations (Scheme 1.9). 
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Scheme L9 
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It is pertinent to note that singlet state mediated 
pathways, leading to the rearrangement products 25a-c are 
exclusively followed in the phototransformation of the epoxy- 
indanone adducts 19a--c , containing keto and ester moieties 
attached to the olefinic double bond. In contrast, the photo- 
transformations of 19 d and 19e , proceed through both singlet 
and triplet state mediated pathways. It is likely that the 
keto and ester groups present in the adducts 19a-c may be 
facilitating the singlet biradical pathway (path 'b'), as 
shown in Scheme 1.8. 

The formation of the naphthalene derivative ^ from 22 
could be understood in terms of the pathways shown in 
Scheme 1.6. The singlet excited state of for example, 
can undergo a Norrish Type I cleavage leading to the biradi- 
cal which can subsequently be transformed to the naphthone 
derivative through Hydrolytic cleavage of under 

the conditions of workup, will lead to the observed product 

32 . In an analogous phototransformation of benzazocines to 

32 33 

naphthalene derivatives, Padwa ^ * have proposed the 

intermediacy of ketene derivatives and such a possibility 
cannot be ruled out completely in this case. However, it may 
be pointed out that no ketene derived products could be iso- 
lated when the irradiation of 22 was carried out in methanol. 

The formation of the various products in the thermal 
transformations of 19a and 19b can be explained in terms of 


the pathways shown in Scheme 1,7. The formation of the 
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rearranged products 25a, b may be occurring through the 
ketene intermediates 37a ,b and the involvement of such 
ketene intermediates in analogous thermal transformations 
has been reported in the literature, However, the 
alternative pathway involving biradical intermediates cannot 
also be ruled out in these cases. The formation of small 
amounts of the epoxynaphthalene ^ from 19b may proceed 
through the decarbonylation of the biradical intermediate 
41 (Scheme 1.8, path ' b' ) , followed by recombination, whereas 
39b may arise through the deoxygenation of 1^. In support 
of this assumption, we have shown that the neat heating of 
lb at ca, 290-295 °C for 2 h gives a 56>^ yield of 39b . Simi- 
lar deoxygenation reactions of 1,4-epoxy compounds have been 

34 

reported in the literature. An alternate pathway for the 
formation of 39a , b from 19a , b may be through the decarboxy- 
lation of the tricyclic intermediates 40a , b , which could be 
formed from benzoxacinone intermediates 38a ,b (Scheme 1.7). 
The benzoxacinone intermediates 38a , b , in turn, could be 
formed through the electrocyclic ring closure of the ketene 
intermediates 37a , b . It may be mentioned in this connection 
that a similar mechanism has been proposed in the formation 
of dimethyl 2,5, 6-triphenylpyridine-3,4-dicarboxylate through 
the reaction of 2,4,5-triphenyl-3H-pyrrole-3-one-l-oxide 
with dimethyl acetylenedicarboxylate * and also in the 
thermal transformation of dimethyl 4-oxo-l,3,5-triphenyl- 

8-oxabicyclo[3.2. l]octa-2, 6-diene-6,7-dicarboxylate, leading 

37 

to the formation of dimethyl 3,4, 6-triphenylphthalate. 
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1.3*5 Laser Flash Photolysis Studies . In order to 
obtain information on the photointermediates, namely, triplets, 
biradicals and ketenes that can plausibly be involved in the 
observed phototransformations (Scheme 1.8 and Scheme 1.9), the 
substrates 19a-e were subjected to laser flash photolysis in- 
vestigations in benzene and methanol solutions at room tem- 
perature. Upon 337.1 nm laser pulse excitation, deaerated ben— 

39 

zene solutions of 19a-e give rise to weak absorbance changes 
at 350-500 nm (Figure 1.2), which showed very little or no 
decay on the longest time scale ( ~100 |is) used in our 
experiments. Oxygen ( •- 2 mM) did not affect the yields or 
decay kinetics of the long-lived photoproducts. The insensi- 
tivity of transient decay towards oxygen as well as ferrocene 
(5 mM) rules out assignments of the long-lived absorbance 
changes in terms of the triplets of 19a— e . On adding methanol 
(up to 8 mM) to benzene solutions, the decay of photoproducts 
remains practically unchanged. This coupled with the fact 
that products assignable to the trapping of ketene inter- 
mediates 37a-e were not obtained in the course of steady- 
state photolysis of 19 a -e in benzene-methanol mixtures 
suggests that the laser-induced long-lived absorbance changes 
cannot possibly be due to the ketene intermediates 37a-e 
(Scheme 1.8). Thus, we are left with assignments in terms 
of the biradicals 41, 42, 43 and 45 and/or the final pro- 
ducts, 25a-e (Scheme 1.8 and Scheme 1.9). The involvement 
of biradicals 43 and 45 can be ruled out in the case of 19a-c 
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Fig. 1.2 Absorbance changes at 5-10 ps following 337.1 nm 
laser flash photolysis of (A) 19a . (B) 19c . (C) 19cl 
and (D) 19e in deaerated benzene. Ground-state 
absorbances of the substrates at 337.1 nm were 
0.5 -1.0 (in 2 mm cells) 
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because photoproducts mediated through them are not isolated 
from the photolysates of these substrates. Also, the ground- 
state absorption spectra of the photoproducts 25a-e indicate 
that they do not absorb significantly at wavelengths longer 
than 400 nm. Based on the fact that the formation of 25a -e 
is the major phototransformation observed with all the sub- 
strates .19 a -e and that the absorbance changes caused by 
laser pulse excitation extend well beyond 400 nm (Figure 1.2), 
it seems plausible that the latter are, at least in part, due 
to the biradicals 41 and 42. Since we have not explored the 
decay behaviour of the laser induced absorptions on time 
scales longer than microsecond and since there is a possibi- 
lity that some minor photoproducts have remained undetected 
in the course of isolation and analysis, the biradical assign- 
ment is to be considered tentative. 

In order to see if triplets capable of transferring 
energy to 1-methylnaphthalene (MN) are produced as a result 
of photoexcitation of 19a-e , these were flash photolysed at 
337.1 nm in benzene solutions in the presence of high con- 
centrations of MN. In the case of 19a and 19d, no signifi- 
cant transient absorption that could be attributed to energy 

T 

transfer derived MN triplet (X = 425 nm) was observed at 

max 

the highest [MN] (0.6 M). For 19b, c,e , small, but nonnegli- 
gible absorptions due to MN were noted at high [mn] (0.2- 
0.6 M). The intercept- to-slope ratios of the plots of reci- 
procal of transient absorbances (end-of-pulse) due to ^N* 
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against 1/[MN] were 2, 7 and 2 for 19b, 1^, and 19e , 

T T 

respectively. These represent k t_ values, where ,k is 

M ■ M 

the bimolecular rate constant for energy transfer from a 

T 

donor triplet state of lifetime The low k^ Xj values 

suggest that the donor triplets are short-lived (x^ £ 1 ns 
if the energy transfer is diffusion-controlled, e.g., from a 
carbonyl-like triplet) and/or the energy transfer process is 
very slow. 

Several experiments were done in which benzophenone or 
p-methoxyacetophenone were preferentially excited by laser 
pulses (Xjnax ~ 337.1 or 355 nm) in the presence of 0.5-2 mM 
19a-e in benzene. In these experiments, the aromatic 
ketones were meant to act as donors of triplet excitation to 
the substrates. Their ground-state absorbances at the laser 
wavelengths were kept high (2. 0-3.0 in 2 mm cells) and the 
fraction of laser photons absorbed by the substrates (accep- 
tors) were usually small {< 10 "/.), The bimolecular rate con- 
stants for benzophenone triplet quenching by 20 a -e were 

9 —1 —i 

1.5-3. 5 x 10 M s in benzene. Only in the case of 19c 
and 19e did we observe fairly long-lived transients, pro- 
duced via the route of triplet excitation transfer. The 
absorption spectra of these transients are shown in Figure 1.3. 
While in the case of 19e two maxima (370 and 530 nm) are 
clearly discernible in the spectral region >360 nm, the 
transient from 19c displays its major maximum at <360 nm.^^ 

The triplet-mediated transient from 19c decays by first-order 
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Fig. 1.3 Transient absorption at 1 ps following 337.1 nm 
laser flash photolysis of benzophenone in the 
presence of (A) 1.3 mM 19c and (B) 1.1 mM 
19e in degassed benzene. Insets : kinetic 
traces showing the decay of triplet -derived 
transients at 370 nm in the case of (a) 19 c 
and (b) 19e (substrate concentration = 5 mM 
for both ) . 
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kinetics with a lifetime of 540 ns (measured at 5 mM [l9c] , 
see inset a of Figure 1.3). The decay of 370/530 nm tran- 
sient derived from 19e is complex and takes place on a longer 
time scale inset b of Figure 1.3). 

Oxygen and ferrocene readily enhance the decay of the 

triplet derived transients in the case of 19c and 19e . The 

8 

rate constants for quenching by oxygen are 7.8x10 and 
9 - 1-1 

1.6 X 10 M s in the case of 19c and 19e, respectively. 

This quenching behaviour suggests a triplet assignment in 
both the cases. However, we find it interesting that the 
triplet of 19e is only poorly quenched by ferrocene. In the 
absence of geometric relaxation or intramolecular interaction, 
the energy of the lowest triplet of 19e should be comparable 
to that of cis- stilbene (E^ ci 57 kcal mol energy 

transfer from it to ferrocene (E^ 40 kcal mol*”'^)^ should 

be highly exothermic. Although the cis -stilbene moiety of 
19e has a scope for undergoing partial distortion in the 
triplet state, that this distortion is not pronounced is 
indicated by the long lifetime of the observed triplet. It 
is plausible that the intramolecular Interaction of the cis - 
stilbene moiety with the aromatic carbonyl chromophore, ex- 
pressed in terms of the biradical structures £3 and 45 re- 
sults in substantial lowering of the triplet energy. Alter- 
natively, the triplet is in fast equilibrium with the biradicals, 

the latter being nonquenchable by ferrocene. Similar triplet 

44 

quenching behaviors have been reported for several dibenzo- 
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barrelene systems which undergo triplet mediated di-it -me thane 
rearrangement to dibenzosemibullvalenes . 

While the lack of observation of a triplet on our time 

scale in the case of 19b and 19d can be understood in terms 

of short lifetimes and/or weak absorptions at >360 nm, the 

same in the case of 19a is surprising. It appears that the 

lowest triplet of 19a is short-lived (<100 ns) because of 

intramolecular photochemistry (absorbance changes due to 

long-lived photoproducts, similar to those produced under 

direct laser excitation, are also observed under triplet 

sensitization). By the same token, although the molecule 

has the dibenzoylalkene moiety locked in a cis -qeometry, it 

does not undergo the well-known intramolecular phenyl group 
10'-12 

migration. Besides the lack of isolation of 2-butenoic 

acid/ester derivatives from the steady-state photolysis of 

19a , we do not observe, in the laser flash photolysis of 19a 

in alcohol-containing solvents, the growth of transient 

absorptions assignable to the addition of alcohol to ketene 

46 47 

intermediates. The latter is a characteristic behaviour ’ 
of cis -1 , 2-dibenzoylalkene systems that undergo the rearrange' 
ment (singlet-mediated) with high yields. Again, the absence 
of this reaction in the case of 19a is indicative of unfavou- 
rable competition with fast physiochemlcal pathways (i.e., 
path 'a* and path *b' in Scheme 1.8). 
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1.4 EXPERIMENTAL SECTION 

All melting points are uncorrected and were determined 
on a Mel-Temp apparatus. The IR spectra were recorded on 
either Perkin-Elmer Model 377 or 580 infrared spectrometers. 
The electronic spectra were recorded on Cary 17D or 219 
spectrophotometers. The NMR spectra were recorded on 
either Varian EM-390 or HA-100 NMR spectrometers, using 
tetramethylsilane as internal standard. The mass spectra 
were recorded on a JEOL JMS-D 300 mass spectrometer at 
70 eV. All steady-state irradiations were carried out in a 
Srinivasan-Grif f in-Rayonet photochemical reactor (RPR 2537 
or 3000 X) in quartz tubes. 

1.4,1 Starting Materials . 2,3-Diphenyl-2,3-epoxy- 

1-indanone mp 139-140 °C, dibenzoylacetylene (DBA, 

2 ^) ^49,50 jjjp 110-111 °C, dimethyl acetylenedicarboxylate 

(DMAD, 18b ) bp 95-98 °C (19 mm), methyl phenylpropiolate 

(1^),^^ bp 70-75 °C (20 mm), phenylacetylene (18d),^^ bp 

82-83 °C (80 mm), diphenylacetylene (18e),^'^ mp 59-60 °C, 

and the epoxyindanone adducts 19b , mp 168-169 and 
15 o 

19e , mp 170-171 C were prepared by reported procedures. 
Solvents for steady-state photolysis experiments were puri- 
fied and distilled before use. Aldrich Gold-Label solvents 
were used for laser studies. Petroleum ether used was the 
fraction with bp 60-80 °C. 
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1*4.2 Preparation of the Epoxyindanone Adducts 19a « c , d . 

A general procedure was to reflux a mixture of 17 (10 mmol) 
and the appropriate dipolarophile ( 18a , c .d , 10 mmol) in 
o^— dichlorobenzene (10 mL, bp 175—178 *^C) for 30 minutes. 

Removal of the solvent under vacuum and recrystallization of 
the residual solid from a mixture (1:9) of benzene and petro- 
leum ether gave the corresponding adducts. 

6.7-Dibenzovl-8 ,9-dihydro-5.8-diphenyl-5H-5.8-epoxv- 
benzocvclohepten-9-one ( 19a ) , 19a was obtained in a 92^ 

yield, mp 205-206 °C. 

IR spectrum (KBr): 3060, 3040 (CH), 1720, 1665 (0=0), 

and 1600 (C=C) cm“^. 

UV spectrum (methanol); 260 nm (e , 26,000) and 295 

(3,000, sh). 

NMR spectrum (CDCl^)^ 6 6.90-8.31 (m, aromatic). 

Anal . Calcd for 4 ' 83.46; H, 4.51. Found: C, 

83.14; H, 4.32. 

Methyl 8,9-Dihydro-5,7,8-triphenvl-5H-5,8-epoxybenzo- 
cyclohepten-9-one-6-carboxvlate ( 19c ) . 19c was obtained in 

a 86 /. yield, mp 183-184 °C. 

IR spectrum (KBr); 3040, 3020, 2940, 2900 (CH), 

m3 X 

1718, 1710 (C=0), and 1590 (C=C) cm”^. 

UV spectrum x (methanol): 252 nm (e, 27,500) and 

m3 X 


305 (5,200). 
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NMR spectrum (CDCI 3 ): 6 3.49 (3 H, s, methoxy) and 
6.80-7.71 (19 H, m, aromatic). 

Anal . Calcd for C 3 ^H 2204 : C, 81.22; H, 4.80. Found: C, 
81.49; H, 4.65. 

8 .9-Dlhvdro-5.7.8-triphenvl-5H-5.8-epoxvbenzocyclohepten- 
9 -one ( 19d ) . 19d was obtained in a 82-/ yield, mp 220-221 °C. 

IR spectrum v (KBr): 3045, 3020, 2920 (CH), 1698 (C=0), 

rnoi X 

and 1590 (C=C) cm"^. 

UV spectrum X (methanol): 248 nm ( e, 49,000) and 290 
ma X 

(11,000). 

NMR spectrum (CDCl^): 6 6.52-8.10 (m, aromatic and 
vinylic). 

Anal . Calcd for ^29^20*^2’ 87.00; H, 5.00. Found: C, 

86.83; H, 4.76. 

Dimethyl 8,9-Dihvdro—5-methvl-8-phenyl-5H-5,8-epoxy- 

ben 2 ocyclohepten- 9 -one- 6 , 7-dlcarboxvla te (22). Preparation 

of 3-Methyl-2-phenYl-2 , 3-epoxyindanone (2J^). To a solution 

55 56 

of 3-rae thyl-2-phenylindenone * ( 2.2 g, 10 mmol) in methanol 

(150 mL) was added a solution of hydrogen peroxide (15/, ^ mL) , 
containing sodium hydroxide (2 N, 5 mL). The mixture was 
stirred for 0.5 h and then diluted with water (50 mL). The. 
solid that separated out, on cooling the mixture, was filtered 

and recrystallized from methanol to give 1.79 g (72/.) of 21, mp 
96-97 °e. 
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IR spectrum (KBr): 3080, 3045, 3025, 2960, 2920 

(CH), 1725 (0=0), and 1600 (C=c) cm“^. 

UV spectrum (methanol): 252 nm (e, 28,000) and 296 

(4.500) . 

NMR spectrum (CDCl^)! 6 1.82 (3 H, s, methyl) and 
7.34-7.96 (9 H, m, aromatic). 

Anal . Calcd for ^16^12*^2* 81,35; H, 5,08. Found: C, 

81.13; H, 4.98. 

A. Attempted Preparation of 22 Under Thermal Conditions 
A mixture of 21 (1.0 g, 4.2 mmol) and DMAD ( 18b , 600 mg, 

4.2 mmol) in o-dichlorobenzene (10 raL) was refluxed for 15 
min. Removal of the solvent and unreacted DMAD under vacuum 
gave a residue, which was recrystallized from a mixture (1:4) 
of benzene and petroleum ether to give 800 mg {BOyi) of 2-hy- 
droxy-3-methylene-2-phenylindanone (20), mp 104-105 *^C, 

IR spectrum v (KBr): 3400 (OH), 3080, 3065, 3020, 
2920, 2840 (CH), 1710 (C=0), 1640 and 1595 (C=C) cm”^. 

UV spectrum X (methanol): 235 nm (* , 12,500), 253 
max 

(6.500) , 260 (6,000), and 322 (800). 

NMR spectrum (CDCI 3 ): 6 3.23 (1 H, s, OH, D^O- 
exchangeable) , 5.50 (1 H, s, methylene), 5.95 (1 H, s, 
methylene), and 7.25-8.05 (9 H, m, aromatic). 

Mass spectrum, m/e (relative intensity): 236 (M , 88 ), 
235 (M'*’ - H, 6 ), 208 (M'*' - CO, 7), 207 (M'*’ - CO, - H, 9), 
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158 (m"^ - C^H^, - H, 5), 131 (M"^ - 7), 105 (C^H^CO'^, 

100), and other peaks. 

Anal . Calcd for 81,35; H, 5.08. Found: C, 

81.13; H, 4.98. 

In a separate experiment, 21 (500 mg, 2.1 mmol) In 
o-dichlorobenzene (5 mL) was refluxed for 10 min and removal 
of the solvent under vacuum gave 470 mg (94^) of 20, mp 104- 
105 °C (mixture mp). 

B . Preparation of 22 Under Photochemical Conditions . 

A mixture of 21 (1.09 g, 4.2 mmol) and DMAD ( 18b , 600 mg, 

4,2 mmol) in acetone (600 mL) was irradiated (RPR, 2537 R) 
for 30 min. Removal of the solvent under vacuum gave a 
residue, which was chromatographed over silica gel. Elution 
with a mixture (1:9) of benzene and petroleum ether gave 
150 mg (15><) of 4-methyl-3-phenylisocoumarin (23), mp 116- 
117 °C, after recrystallization from petroleum ether. 

IR spectrum (KBr): 3060, 2995, 2910 (CH), 1718 

(C=0), 1625 and 1595 (C=C) cm“^. 

UV spectrum (methanol): 230 nm (e, 32,500), 282 

lUc* X 

(24,500), and 328 (9,000). 

NMR spectrum (CDCl^): 6 2.23 (3 H, s, methyl) and 
7.15-8.30 (9 H, m, aromatic). 

Mass spectrum, m/e (relative intensity): 236 (M^, 100), 
208 (M'^ - CO , 98) , 207 (M"^ - CO , - H , 37 ) , 131 (M'*' - COC^H^ , 
5), and other peaks. 
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Anal . Calcd for 81,35; H, 5.08. Found: 

C, 81.21; H, 5.25. 

Continued elution of the column with a mixture (1:1) of 
benzene and petroleum ether gave 20 mg (2^) of the dimer 24 , 
mp 334-335 °C, after recrystallization from a mixture (1:9) 
of benzene and petroleum ether. 

IR spectrum (KBr): 3090, 3060, 3030, 2995, 2940 (CH), 

1682 (C=0), and 1595 (C=C) cm“^. 

•UV spectrum X (methanol): 248 nm (e, 68,700), 292 

rn3 X 

(9,400), and 302 (8,000). 

NMR spectrum (CDCl^): 5 2.10 (6 H, s, methyl) and 
6.16-8.27 (18 H, m, aromatic). 

NMR spectrum (CDCI 3 : 6 23.40 (CH^), 78.48 (sp^-C), 
82.07 (sp^-C), 126.13, 126.30, 126.99, 127.02, 127.06, 127.09, 
127.13, 127.16, 127,23, 127.41, 127.60, 127.71, 127.82, 

127.85, 127.88, 128.02, 128.19, 131.40, 132.44, 136.42, 

142.61, and 194.36 (C=0). 

Mass spectrum, m/e (relative intensity): 236 (mVs, 100), 
219 (mV2, - OH, 2), 208 (mV2, - CO, 18), 207 (mV2, - CO, 

- H, 9), 159 (M'^/2, - C^H^, 2), 105 (C^H^CO"^, 55), and other 
peaks. 

Anal . Calcd for ^ 32 ^ 24 ^ 4 ' 81.35; H, 5.08. Found: 

C, 81.25; H, 5.01. 

Subsequent elution of the column with a mixture (9:1) of 
benzene and ethyl acetate gave the adduct 22 (1,0 g, 63/.') 
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as a viscous liquid. 

IR spectrum (neat): 3080, 3060, 2940, 2845 (CH), 

1725, 1710 (0=0), 1615 and 1590 (C=C) cm"^. 

UV spectrum (methanol): 240 nm ( e, 22,500), 243 

rrioi X 

(22,000), 246 (21,900), and 280 (12,300). 

NMR spectrum (CDCl^): 6 1.79 (3 H, s, methyl), 3.70 
(3 H, s, methoxy), 3.91 (3 H, s, methoxy) , and 7.19—7.95 
(9 H, m, aromatic). 

Mass spectrum, m/ e (relative intensity); 378 (M^, 2), 
377 (m”*" - H, 6 ), 348 (m'*' - CH^O, 2), 347 (m'^ - OCH 3 , 5), 

319 (m"^ - CO 2 CH 3 , 2 ), 105 (C^H^CO'*', 100), and other peaks. 

Anal. Calcd for ^22^18*^6* 69.84; H, 4.76. Found: 

C, 69.58; H, 4.85. 

In a separate experiment, a solution of 21 (500 mg, 

2.1 mmol) in acetone (250 mL) was irradiated (RPR, 2537 S) 
for 30 min. Removal of the solvent under vacuum gave a resi 
due, which on workup as in the earlier case gave 90 mg {IQ-/.) 
of rap 116-117 (mixture mp) and 350 mg {10/.) of the 

dimer 2A, mp 334-335 °C (mixture mp). In yet another run, a 

solution of 21 (500 mg, 2.1 mmol) was irradiated in benzene 
(250 mL) for 30 min. Workup as in the earlier cases gave a 
mixture of the isocoumarin 23 (185 mg, 37/.) f mp 116-117 °C 
(mixture mp), the dimer 24 (150 mg, 30/.), mp 334-335 
(mixture- mp) , and some unchanged starting material ( 21 ) 

(95 mg, 19*/.), mp 96-97 °C (mixture mp). 
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1.4.3 Photolysis of 6,7-Dibenzovl-8.9-d 1hYdro-5.8,di~ 

phenvl-5H-5 ,8-epoxybenzocvclohepten-9-one ( 19a ) . A solution 
of 19a (270 mg, 0.51 mmol) in acetone (300 mL) was irradiated 
for 1.5 h (RPR, 3000 X). After removal of the solvent under 
vacuum, the residual solid was chromatographed over silica 
gel. Elution with a mixture (3:2) of benzene and petroleum 
ether gave 150 mg (55;/i) of the unchanged starting material 
19a, mp 205-206 °C (mixture mp). Further elution with a 
mixture (9:1) of benzene and ethyl acetate gave 90 mg (33/.) 
of 25a , mp 139-140 °C, after recrystallization from a mixture 
(3:7) of benzene and petroleum ether. 

IR spectrum (KBr) : 3085, 3060, 3020 (CH), 1730, 

1670, 1645 (C=0), 1625 and 1600 (C=C) cm"”^. 

UV spectrum (methanol): 245 nm (e, 47,000), 285 

(16,000), and 312 (8,800, sh). 

NMR spectrum (CDCl^): 6 6.80-8,20 (m, aromatic). 

NMR spectrum (CDCl^): 6 8^,. 12 ( sp^-C) , 96.48 (sp^-C), 
113.76, 124.31, 124.58, 126.48, 127.25, 127.88, 128.26, 

128.40, 128.61, 128.97, 129.24, 129.29, 130.73, 130.92, 131.76, 

131.86, 135.64, 136.15, 136.82, 137.32, 137.66, 152.51, 163.76, 

190.51 (0=0), 195.14 (0=0), and 196.63 (0=0). 

Mass spectrum, m/ e (relative intensity): 532 (M^, 4), 

427 (M"^ - OOO^H^, 2), 411 (M"^ - OO 2 , - 3), 306 (M"^ - CO 2 , 

- C^H 5 , - OOO^H^, 11), 105 (O^H^CO’*’, 100), and other peaks. 



36 


Anal . Calcd for 02 ^ 1 ^ 240 ^: C, 83.46; H, 4.51. Found: 

C, 83.18; H, 4.52. 

In another experiment, a solution of 19a (270 mg, 

0.51 mmol) in benzene (300 mL) was irradiated for 2 h and 
worked up as in the previous case to give a mixture of 25a 
(50 mg, 19’A) and the unchanged 19a (190 mg, 70*/), In a 
repeat run, irradiation of 19a (270 mg, 0.5L mmol) in a mix- 
ture (1:9) of benzene and methanol (300 mL) , under analogous 
conditions, gave a mixture of 25a (80 mg, 30*/) and some un- 
changed 19a (162 mg, tOr/.) . 

Reaction of 25a with Sodium Methoxide . A mixture of 25a 
(100 mg, 0.19 mmol) and sodium methoxide (10 mg, 0.43 mmol) 
in methanol (10 mL) was stirred at room temperature ( «^ 25 ^C). 
for 12 h and later neutralized with hydrochloric acid (5^). 
Extraction with ether and removal of the solvent under vacuum 
gave a solid, which was recrystallized from a mixture (1:9) 
of, benzene and petroleum ether to give the enol-ester 29a 
(75 mg, 70/), mp 175-176 °C. 

IR spectrum v (KBr): 3420 (OH, intramolecularly hydro- 
rn3i X 

gen bonded), 3060, 2965, 2940 (CH), 1725, 1650, 1645 (C=0), 
and 1590 (C=C) cm"^. 

UV spectrum X_ (methanol): 253 nm (e, 24,000), 285 

nidi X 

(14,000), and 365 (11,800). 

NMR spectrum (CDCI 3 ): 6 3.45 (3 H, s, methoxy), 6.67- 
8.10 (24 H, m, aromatic), and 17.35 (1 H, s, enolic OH, D 2 O- 
exchangeable) . 
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Hh 

Mass spectrum, m/e (relative intensity): 564 (M , 16), 

533 (M"^ - OCH 3 , 2), 505 - CO 2 CH 3 , 1), 459 (m'*' - COC^H^, 3), 

428 (M"^ - OCH 3 , - COC^H^, 3), 295 (M"^ - CO 2 CH 3 , - 2 COC^H^, 2), 
105 100 ), and other peaks. 

Anal . Calcd for ^ 33 ^ 28 ^ 5 ’ 80.85; H, 4.96. Found: C, 

80.57; H, 5.13. 

Acetylation of 29a . A mixture of 29a (100 rag, 0.18 mmol), 
acetic anhydride (2 mL) and pyridine (2 mL) in dry benzene 
(10 mL) was stirred for 3 h at ca. 25 °C and poured on to 
crushed ice. The organic layer was separated, washed with 
water, and dried over anhydrous sodium sulfate. The solvent 
was removed under vacuum to give a solid, which was recrysta— 
llized from a mixture (1:4) of benzene and petroleum ether to 
give 45 mg (42^) of 30a , mp 186-188 °C. 

IR spectrum v (KBr): 3060, 3025, 2980, 2925, 2820 (CH), 
1765, 1730, 1665 (C=0), 1600 and 1585 (C=C) cm~^. 

UV spectrum (methanol): 238 nm (e, 52,000), 253 

(46,000), 262 (51,000), and 280 (48,000). 

NMR spectrum (CDCI 3 ): 6 2.11 (3 H, s, methyl), 3.62 
(3 H, s, methoxy), and 6.90-7.71 (24 H, m, aromatic). 

Anal . Calcd for C 4 qH 3 qO^: C, 79.20; H, 4.95. Found: C, 
78.95; H, 4.67. 

1.4.4 Photolysis of Dimethyl 8 ,9-Dihydro-5,8-diphenvl- 
5H-5,8-epoxybenzocyclohepten-9-Qne-6,7-dicarboxylate ( 19b ) . A 
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solution of 19b (220 mg, 0.5 mmol) in acetone (200 raL) was 
irradiated (RPR, 2537 for 2.5 h at ca. 25 °C. The solvent 

was removed under vacuum and the residue was chromatographed 
over silica gel. Elution with a mixture (9:1) of benzene and 
ethyl acetate gave 155 mg (70-/) of 25b . mp 178-179 °C, after 
recrystallization from a mixture (3:7) of benzene and petro- 
leum ether. 

IR spectrum v (KBr) : 3040, 3015, 2980, 2995 (CH), 

Illai X 

1732, 1715, 1700 (0=0), 1625 and 1585 (C=C)' cm“^. 

UV spectrum (methanol): 240 nm ( e, 32,000), 280 

TTlcl X 

(16,500), and 285 (16,000). 

NMR spectrum (CDCl^)^ 6 3.18 (3 H, s, methoxy) , 3.75 
(3 H, s, methoxy), and 7.15-8.10 (14 H, m, aromatic). 

NMR spectrum (CDCI 3 ): 6 51.32 (OCH 3 ); 51.95 (OCH 3 ) , 
96.22 (sp^-C), 103.16 (sp^-C), 124.48, 126.49, 126.97, 127.18, 
127.44, 127.66, 127.79, 128.19, 128.34, 128.54, 128.75, 128.82, 
129.22, 129.45, 130.88, 131.08, 136.05, 136.13, 136.92, 151.37, 
163.72, 166.96 (C=0), 167.86 (0=0), and 195.36 (0=0). 

Mass spectrum, m/e (relative intensity): 440 (M^, 35), 

409 (M'*’ - OOH 3 , 11), 381 (M"** - OO 2 OH 3 , 10), 350 (M"^ - OO 2 OH 3 , 

- OOH 3 , 4), 322 (M'*' - 2 OO 2 OH 3 , 2), 105 (O^H^CO'*', 100), and 
other peaks. 

Anal. Galcd for 02y^ 20^6* 73.63; H, 4,55. Found: 0 , 

73.31; H, 4.56. 
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In a repeat run, a solution of 19b (220 mg, 0.5 mmol) 
was irradiated in benzene (200 mL), under analogous conditions, 
to give a 60j^ (132 mg) yield of 25b . Similarly, the irradia- 
tion of a solution of 19b (220 mg, 0.5 mmol) in a mixture (1:9) 
of benzene and methanol (200 mL) gave a 66^ (145 mg) of 25b . 

Reaction of 25b with Sodium Methoxide . A mixture of 25b 
(100 mg, 0.23 mmol) and sodium methoxide (25 mg, 0.46 mmol) 
in tetrahydrofuran (10 mL) was stirred at room temperature 
( ♦« 25 °C) for 1 h and later neutralized with hydrochloric 
acid (5^). Extraction with ether and removal of the solvent 
under vacuum gave 60 mg (56/) of the enol ester 29b , mp 160- 
162 °C, after recrystallization from a mixture (1:9) of benzene 
and petroleum ether. 

IR spectrum (KBr); 3415 (OH, intramolecularly hydro- 

gen bonded), 3080, 3060, 3020, 2945, 2885 (CH), 1725, 1700, 

1645 (C=0), 1595 and 1570 (C=C) cm”^. 

UV spectrum \ _ (methanol): 241 nm (e, 16,500), 250 
rn3 X 

(14,200), 255 (12,000), and 310 (9,500). 

NMR spectrum (CDCl^)^ 6 3.30 (3 H, s, methoxy) , 3.62 
(3 H, s, methoxy), 3.71 (3 H, s, methoxy), 6.75-7.82 (14 H, m, 
aromatic), and 12.90 (1 H, s, enolic OH, D20-exchangeable ) . 

Anal . Calcd for 71.18; H, 5.08. Found: 

C, 71.29; H, 4.82. 

I •4. 5 Photolysis of Methyl 8,9-Dihvdro-5,7.8-triphenvl- 
5H-5,8-epoxybenzocyclohepten-9-one-6-carboxylate ( 19c ) . A 
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solution of 19c (230 mg, 0.5 mmol) in acetone (200 mL) was 
irradiated for 3.5 h (RPR, 2537 X). Removal of the solvent 
under vacuum gave a residual solid, which was chromatographed 
over silica gel. Elution with benzene gave 185 mg (80;^) of 
25c . mp 174-176 °C, after recrystallization from a mixture 
( 1 : 9 ) of benzene and petroleum ether. 

IR spectrum (KBr): 3040, 3020, 2940, 2910 (CH), 

uloi X 

1720, 1700 (0=0), and 1590 (C=C) cm"^. 

UV spectrum (methanol): 242 nra (e, 58,000), 275 

(31,000), and 320 (5,700, sh). 

NMR spectrum (CDCl^): 6 3.10 (3 H, s, methoxy) and 
7.15-7.95 (19 H, m, aromatic). 

Mass spectrum, m/e (relative intensity): 458 (M'*’, 4), 

457 (m"^ - H, 10), 399 (M’^ - CO 2 CH 3 , 1), 322 (M"^ - CO 2 CH 3 , 

- C^H^, 5), 105 (C^H^CO^, 100), and other peaks. 

Anal . Calcd for C 3 j^H 2204 : C, 81.22; H, 4.80. Found: 

C, 80.91; H, 4.63. 

In another experiment, a solution of 19c (230 mg, 

0.5 mmol) in benzene (200 mL) was Irradiated for 4 h and 
worked up as in the previous case to give a 6 ^ (142 mg) of 
25c , along with some (34 mg, lb-/.) unchanged starting material 
( 19c ) . In another run, irradiation of a solution of 19c 
(230 mg, 0.5 mmol) in a mixture (1:9) of benzene and methanol 
(200 mL) , under analogous conditions, gave a bbr/. (126 mg) 
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yield of 25c , along with a IS'/. (40 mg) of the unchanged 
starting material ( 19c ) . 

1.4.6 Photolysis of 8.9-Dihvdro-5.7.8-triphenvl-- 
5H-5,8-epoxybenzocvclohepten-9-one ( 19d ) . A solution of 19d 
(1.0 g, 2.5 mmol) in benzene (1 L) was irradiated for 3 h 
(RPR, 3000 ^) . The solvent was removed under vacuum and the 
residue was chromatographed over silica gel. Elution with a 
mixture (3:7) of benzene and petroleum ether gave 300 mg {30/,) 
of the unchanged 19d, mp 220-222 °C (mixture mp). Further 
elution with a mixture ( 1 : 1 ) of benzene and petroleum ether 
gave 160 mg {16-/.) of 27d, mp 118-120 °C, after recrystalliza- 
tion from a mixture (1:9) of methylene chloride and petroleum 
ether, 

IR spectrum (KBr): 3600 (OH), 3400 (OH, hydrogen 

nio X 

bonded), 3060, 2920 (CH), 1648 (C=0), 1590 and 1580 (C=C) cm'^. 

UV spectrum (methanol): 245 nm (e, 65,000) and 325 

(7,500). 

NMR spectrum (CDCI 3 ): 6 5.75 (1 H, s, OH, D 2 O- 
exchangeable) and 6.72-7.52 (19 H, m, aromatic). 

Mass spectrum, m/ e (relative intensity): 400 (M^, 100), 
327 (M'*' - 85) , 295 (M"^ - COC^H^, l) , 105 ( C^H^C0% 65) , 

and other peaks. 

Anal . Calcd for C2gH2o02* 87.00} H, 5.00. Found: C, 

86.79; H, 4.75. 
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Further elution of the column with a mixture (9:1) of 
benzene and ethyl acetate gave 430 mg {43/.) of 25d , mp 192- 
193 °C, after recrystallization from a mixture (1:9) of ben- 
zene and petroleum ether. 

IR spectrum v (KBr): 3060, 3020, 2920 (CH), 1718 (C=0), 

iUo X 

1665 and 1600 (C=C) cm"^. 

UV spectrum (methanol); 250 nm (e, 29,000) and 315 

(3,000). 

NMR spectrum (CDCl^): 6 6.80-7.75 (m, aromatic). 

Mass spectrum, m/ e (relative intensity): 400 (M , 9), 

323 (m"^ - C^H^, 2), 295 (M'^ - COC^H^, 3), 267 (M"*" - COC^H^, 

- CO 2 , 2), 105 (C^H^CO'*', 100), and other peaks. 

Anal . Calcd for ^29^20^2' 87.00} H, 5.00. Found: 

C, 86.91; H, 4.93. 

In a repeat run, a solution of 19 d (400 mg, 1,0 mmol) 
in acetone (300 mL) was irradiated, under analogous condi- 
tions, for 3 h. The solvent was removed under vacuum and 
the residue was chromatographed over silica gel. Elution 
with a mixture (1:1) of benzene and petroleum ether gave 
27d (320 mg, QO/) t mp 118-120 °C (mixture mp). Further- 
elution with a mixture (9:1) of benzene and ethyl acetate 
gave 25d ( 20 mg, 5;4), mp 192-193 °C (mixture mp). 

In a repeat experiment, a solution of 19 d (400 mg, 

1.0 mmol) in benzene (300 mL), saturated with oxygen was 
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irradiated, under analogous conditions and worked up in the 
usual manner to give a mixture of 25d (132 mg, 33/.) and some 
unchanged starting material (19d) (220 mg, 55/). In another 
experiment, a solution of 19d (400 mg, 1.0 mmol) in a mixture 
(1:9) of benzene and methanol (300 mL) was irradiated for 3 h 
and worked up as in the earlier cases to give a mixture of 
25d (144 mg, 36/), 27 d (52 mg, 13/), and unchanged starting 
material ( 19d ) (88 mg, 22/). 

1.4.7 Photolysis of 8t9--Dihvdro~5.6.7.8-tetraphenvl- 
5H~5,8~epoxybenzocvclohepten-9-one ( 19e ) . A solution of 19e 
(250 mg, 0.53 mmol) in acetone (300 ml) was irradiated for 
2,5 h (RPR, 3000 %) . The irradiation was repeated four times 
to photolyse, in all, 1.0 g (2.1 mmol) of 19e . Removal of the 
solvent from the combined photolysates gave a residual solid, 
which was chromatographed over silica gel. Elution with a 
mixture (1:9) of benzene and petroleum ether gave 150 mg (15/) 
of 2,3,4-triphenyl-l~naphthol (28e), mp 160-161 °C, after re- 
crystallization from a mixture (1:9) of benzene and petroleum 
ether (lit.^*^ mp 161-162 °C). Further elution of the column 
with a mixture (1:1) of benzene and petroleum ether gave 250 mg 
(25/) of 4-benzoyl-2, 3,4-triphenyl-4H-l-naphthone ( 26e ) , mp 
164-166 °C, after recrystallization from a mixture (1:9) of 
benzene and petroleum ether. 

IR spectrum (KBr): 3060, 3020 (CH), 1670, 1640 (C=G), 

Ilia X 

1595 and 1575 (C=C) cm“^. 
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UV spectrum (methanol): 253 nm (e, 31,500) and 

309 ( 8 , 000 ). 


NMR spectrum (CDCl^): 6 6.51-7.70 (m, aromatic). 

Mass spectrum, m/e (relative intensity): 476 (M"*”, 10), 

371 (M"*" - COC^H^, 4), 343 (M"^ - 

(M*^ - COC^H^, - C^H^, 2), 105 (C^H^CO'*', 100), and other peaks. 


Anal . Calcd for ^2^2A^2' 88.23; H, 5.04. Found: C, 

87.96; H, 5.32. 


Further elution with a mixture (9:1) of benzene and ethyl 
acetate gave 350 mg (35*/) of the tricyclic compound 25e , mp 
210-212 °C, after recrystallization from a mixture (3:7) of 
benzene and petroleum ether. 


IR spectrum V (KBr): 3060, 3020, 2980 (CH), 1720 (C=0), 

nidi X 

1670, 1600 and 1580 (C=C) cm~^. 

UV spectrum X (methanol): 249 nm ( e, 31,000) and 300 

infi3 X 

( 10 , 000 ) . 

NMR spectrum (CDCl 2)5 6 6.45-7.91 (m, aromatic). 

Mass spectrum, m/ e (relative intensity): 476 (M^, 13), 

371 (M"^ - COC^H^, 3), 294 (M"^ - COC^H^, - C^H^, 1), 105 
(C^H^CO^, 100 ) , and other peaks. 

Anal . Calcd for C 25 H 24 O 2 : C, 88.23; H, 5.04. Found: 

C, 88.02; H, 5.31. 


In a repeat experiment, a solution of 19e (476 mg, 

1.0 mmol) in benzene (500 mL) was irradiated and worked up. 
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under analogous conditions, to give a mixture of 25e (142 mg, 
30/.) i 26e (48 mg, lO/.) , 28e (26 mg, 7’/), and the unchanged 
19e (120 mg, 2'b/) . In another experiment, irradiation of a 
solution of 19e (476 mg, 1.0 mmol) in a mixture (1:9) of 
benzene and methanol (500 mL), under analogous conditions, 
gave 157 mg {33/.) of 25e , 24 mg (5j^) of 26e , 93 mg (25/) of 
28e , and 70 mg (15;^) of the unchanged starting material, 19e . 

Conversion of 26e to 28e . A mixture of 26e (50 mg, 

0.11 mmol) and anhydrous aluminium chloride (50 mg, 0.37 mmol) 
in methylene chloride (15 mL) was stirred at ca. 25 for 5 h. 
The reaction mixture was treated with ice-cold water and ex- 
tracted with ether. Removal of the solvent under vacuum gave 
a residual solid, which was recrystallized from a mixture 
(1:9) of benzene and petroleum ether to give 25 mg (64/.) of 
27e, mp 160-161 °C (mixture mp). 

I.4i8 Photolysis of Dimethyl 8,9-Dihydro-5-methyl- 
8-Phenvl-5H-5,8-epoxybenzocycloheptene-9-one-6.7-dicarboxvlate 
(22). A solution of ^ (200 mg, 0.53 mmol) in acetone (200 mL) 
was irradiated (RPR, 2537 ^) for 8 h. Removal of the solvent 
under vacuum gave a residue, which was chromatographed over 
silica gel. Elution with a mixture (1:4) of benzene and 
petroleum ether gave 50 mg (35/) of dimethyl 4-methyl-l-na- 
phthol-2,3-dicarboxylate (^), mp 119-120 °C, after recry- 
stallization from a mixture (1:9) of benzene and petroleum 
ether (lit.^*^*^^ mp 119-120 °C). Further elution with a 
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mixture (9:1) of benzene and ethyl acetate gave 120 mg (60-/.) 
of the unchanged starting material, 22. 

In a separate experiment, a solution of 22 (200 mg, 

0.53 mmol) was irradiated in benzene (200 mL) under analogous 
conditions. Workup of the reaction mixture as in the earlier 
case gave 20 mg (14j^) of Z2, along with some unchanged starting 
material {22) (164 mg, 82^). In another run, irradiation of a 
solution of 22 (200 mg, 0.53 mmol) in methanol (200 mL) and 
workup as in the earlier cases gave 25 mg {llyi) of 32, along 
with 130 mg (65j^) of the unchanged 22 . 

Conversion of 32 to 36 . A mixture of ^ (274 rag, 1 mmol) 
and concentrated hydrochloric acid (20 mL) was refluxed for 
10 h. The reaction mixture was cooled and kept in a refrigera- 
tor for 12 h to give a solid, which was recrystallized from 
acetic acid to give 95 mg {Al-/.) of 4-hydroxy --l-methyl-2-na- 
phthoic acid (^) , mp 205-207 °C (lit.^° mp 202-207 °C). 

A solution of ^ (92 mg, 0.4 mmol) in ether (10 mL) was 
treated with a freshly prepared solution of diazomethane in 
ether ( ~ solution, 5 mL) at ca. 0 °C. The reaction mix- 
ture was stirred at ca. 0-5 °C for 35 h. Removal of the sol- 
vent under vacuum gave a residue, which was recrystallized 
from methanol to give 66 mg (63^) of methyl 4-methoxy-l-methyl- 
naphthalene-2-carboxylate (^)» mp 98-99 (lit.^^ mp 97-98 °C). 

I .4.9 Thermolysis of 19a . A sample of 19a ( 2.0 g , 

3.8 mmol) was heated at ca. 300-310 °C for 3 h in a sealed tube. 
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The thermolysate, after cooling, was chromatographed over 
silica gel. Elution with a mixture (3:7) of benzene and 
petroleum ether gave 640 mg (32-/) of the unchanged starting 
material 19a , mp 205-206 °C (mixture mp). Further elution 
with a mixture (1:1) of benzene and petroleum ether gave 75 mg 
(4/) of 39a , mp 184-185 °C, after recrystallization from a 
mixture (1:9) of methylene chloride and petroleum ether 
(lit. mp 185-187 C). Subsequent elution with a mixture 

(9:1) of benzene and ethyl acetate gave 500 mg (25*/) of 25a , 
mp 139-140 °C (mixture mp). 

In a separate experiment, a solution of 19a (150 mg, 

0.28 mmol) in diphenyl ether (10 mL) was refluxed for 10 h. 
Workup of the reaction mixture in the usual manner gave 140 mg 
(93^) of the unchanged starting material 19a , mp 205-206 °C 
(mixture mp). 

1.4.10 Thermolysis of 19b . A sample of 19b (2.0 g, 

4.5 mmol) was heated at ca. 290-295 for 1.5 h in a sealed 
tube and the reaction mixture was chromatographed over silica 
gel. Elution with a mixture (1:4) of benzene and petroleum 
ether gave 38 mg (2/.) of 1^, mp 158-160 *^C, after recrystalli- 
zation from a mixture (1:9) of benzene and petroleum ether 
(lit.^ mp 158-160 °C). Further elution with a mixture (3:7) 
of benzene and petroleum ether gave 55 mg (3’/.) of 39a, mp 228- 
229 °C, after recrystallization from a mixture (1:9) of me thy- 
lene chloride and petroleum ether (lit. mp 228-229 C). 


/ 
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Subsequent elution with a mixture (1:1) of benzene and 
petroleum ether gave 1.04 g (52r/.) of the unchanged 19b, mp 
169-170 (mixture mp). Continued elution with a mixture 
(9:1) of benzene and ethyl acetate gave 140 mg (lyi) of 25b , 
mp 178-179 °C (mixture mp). 

In a repeat experiment, 19b (2.0 g, 4.5 mmol) was heated 
at ca. 290-300 °C for 3 h in a sealed tube and worked up as 
in the earlier case to give 630 mg (35:4) of 39b and 400 mg 
(20/) of 25b . 

In an attempted thermolysis, a solution of 19b (150 mg, 
0.34 mmol) in diphenyl ether (10 mL) was refluxed for 15 h. 
Removal of the solvent under reduced pressure and crystalli- 
zation of the residue from a mixture (1:9) of benzene and 
petroleum ether gave 145 mg (96/) of the unchanged 19b . 

Transformation of lb to 39b . A sample of (150 mg, 

0.36 mmol) was heated in a sealed tube at ca. 290-295 °C for 
2 h. The thermolysate was chromatographed over silica gel. 
Elution with a mixture (1:1) of benzene and petroleum ether 
gave 80 mg (56/) of 39b . mp 228-229 °C (mixture mp). 

1.4.11 Attempted Thermolysis of 25a . A solution of 25a 
(100 mg, 0.19 mmol) in diphenyl ether (10 mL) was refluxed 
for 20 h and worked up in the usual manner to give 90 mg (90/) 
of the unchanged starting material, 25a , mp 139-140 °C (mix- 
ture mp) . 

In a repeat experiment, 25a (0.5 g, 0.94 mmol) was heated 


w 
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at ca. 300-310 °C for 1.5 h and worked up in the usual manner 
to give 150 mg {SO-/,) of the unchanged starting material, 25a , 
mp 139-140 °C (mixture mp). 

1.4.12 Attempted Thermolysis of 25b . A solution of 25b 
(150 mg, 0.34 mmol) in diphenyl ether (10 mL) was refluxed 

for 15 h and worked up in the usual manner to give 140 mg {93-/.) 
of the unchanged 25b , mp 178-179 (mixture mp). 

In a repeat experiment, 25b (440 mg, 1.0 mmol) was heated 
in a sealed tube at ca. 295-300 °C for 1 h and worked up by 
chromatographing over silica gel. Elution with a mixture 
(9:1) of benzene and ethyl acetate gave f200 mg (45"/) of the 
unchanged 25b , mp 178-179 °C (mixture mp). 

59 

1.4.13 X-Ray Crystallographic Analysis of 25a . Suita- 
ble crystals (0.77 x 0.43 x 0.33) of 25a (C2'7H2404) for X-ray 
diffraction studies were obtained by recrystallization from a 
mixture (1:9) of benzene and petroleum ether. Data collections 
were performed with Mo radiation (X = 0.71073 %) on an 
Enraf-Nonius CAD^ computer-controlled kappa axis diffractometer 
equipped with graphite crystal, incident beam monochromator. 

The crystals have cell constants of a = 10.884 (3) X, 

b = 19.684 (5) R, c = 17.129 (5) ^ = 106.79 (3)® and 

3 

V = 3513.1 (34) % . For Z = 4 and F. W. = 649.78 (C46H330^), 

3 

the calculated density is 1,23 g/cm and the observed density 

3 

was 1.18 (2) g/cm . The space group was determined to be 
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P2^/n. A total of 8001 reflections were collected, of which 
6448 were unique and not systematically absent, Lorentz and 
polarization corrections were applied to the data. No absorp- 
tion correction was made. All calculations were performed on 
a VAX 11/730 computer using the SDP/VAX^° library and the 
DIRDIF program. 

The structure was solved by direct methods using all of 
the observed data. The crystal structure consists of discrete 
molecular units at general positions. There are four molecules 
of the compound at general positions in the unit cell. In 
addition, there are six solvent molecules of benzene also in 
the unit cell. The phenyl ring portions of the compound are 
quite planar. The fused five membered rings are puckered with 
torsion angles ranging from 0.79 to 18,17®. The angle bet- 
ween the least-squares planes of the two f ive-membered rings 
is 71.53®. 

38 

1.4.14 Laser Flash Photolysis . For laser flash photo-, 
lysis, use was made of pulsed outputs from a UV-400 Molectron 
nitrogen laser (337.1 nm, 2-3 mj, *-8 ns) or a Quanta-Ray DCR-1 
Nd-YAG laser (third harmonic, 355 nm, <^6 ns). The laser in- 
tensities were attenuated and kept in the range 2-10 mj/pulse. 

The details of the kinetic spectrophotometer and data colie- 

6l 62 

cting system are described elsewhere. * For transient 
spectra, a flow cell was used. For kinetics, static cells 
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(path lengths 1-3 mm) containing 1-2 mL of the solutions for 
photolysis were used. Unless the effect of oxygen was meant 
to be studied, the solutions were deaerated by saturating with 
high-purity argon. 


I 


106250 

Acc.J.-- 
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CHAPTER II 


PHOTOTRANSFORMATIONS OF BENZOYLAZIRIDINES 

II. 1 ABSTRACT 

The phototransformations of a few benzoylaziridines such 
as trans -l--cyclohexyl--2,3--dibenzovlaziridine ( 21a ) , cis -l-cy- 
clohexyl--2,3-dibenzoyla2iridine (21b), trans --l-benzvl~2 , 3-di- 
benzoylaziridine (22), trans -2-phenvl-3-benzovlaziridine ( 23) , 
and trans~l,3-dibenzoyl-2-phenylaziridine (24) have been exa- 
mined by steady-state photolysis and product analysis. Laser 
flash photolysis studies of 21a, b , 22 , 23 and a few other 
related substrates such as trans -l-cvclohexYl-2-phenyl-3-benzo- 
ylaziridine (1^), ci_s-l-cyclohexyl-2-phenyl-3-benzoylaziridine 
trans -2-^-anisyl-l-cvclohexvl-3-benzovlaziridine (25) , 
cis -l-cyclohexyl-2— p-tolyl-3-benzoylaziridine (26), and cls - 
l-cyclohexyl-2-phenyl-3-£-anisoylaziridine (27) have also been 
carried out to explore the mechanisms of the observed photo- 
transformations. 

Irradiation of the dibenzoylaziridines 21a, b in benzene 
gave (Z)-l-cyclohexylamino-l,2-dibenzoylethylene (^) , as the 
only isolable product. Similarly, 22, when irradiated in ben- 
zene gave (Z)-l-benzylamino-l,2-dibenzoylethylene (^), along 
with products such as trans -dibenzoyl ethylene (36) and benzal- 
dehyde (^)* Irradiation of 23 in benzene, on the other hand, 
gave a mixture of products such as 37^, the dihydropyrazine 44, 
benzamide. (46) , acetophenone ( 47) , 2, 5-diben2oyl-3,6— diphenyl- 
pyrazine (^), and 2,5-diphenylpyrazine (49). Irradiation of 
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24 gave a mixture of 2,5-diphenyloxazole (12)» benzamide (46), 
and benzoic acid (55). Under the conditions of workup, the 
unchanged 24 underwent debenzoylation to give the aziridine 23 . 

Nanosecond laser flash photolysis and pulse radiolysis of 
2-aryl-3-benzoylaziridines and 2,3-dibenzoylaziridines in 
fluid solutions gave the corresponding azomethine ylides, cha- 
racterized by absorptions at longer wavelengths (450-480 nm), 
and having lifetimes varying over a wide range (t^ = 1.5 ps - 
300 ms). The involvement of azomethine ylides was further con- 
firmed by trapping them with dipolarophiles such as dimethyl 
acetylenedicarboxylate (DMAD). Thus, for example, irradiation 
of ^ in acetonitrile in the presence of DMAD gave a mixture 
of the pyrroline 57a and the pyrrole whereas IJb, under 
analogous conditions gave the isomeric pyrroline 57b , along 
with the pyrrole 59b . Air and selenium dioxide oxidation of 
57a and 57b, respectively gave the pyrrole Irradiation of 

21a in the presence of DMAD in acetonitrile gave the pyrroline 
61 , along with the pyrrole 63. Similar results were obtained 
when the irradiation of 21b was carried out in the presence of 
DMAD. Nickel peroxide oxidation of the pyrroline ^ in benzene 
gave the pyrrole 62. Short-lived triplets (^1 ns) were invol- 
ved as precursors for these ylides. Ketyl-type biradical in- 
termediates formed via intramolecular electron or hydrogen 
atom transfer, were short lived, except in the case of 23. The 
laser excitation of 23 led to a permanent photoproduct, assigned 
as the 1,3-butadiene analogue 42, formed through the interme- 
diacy of a relatively long-lived biradical 39 . 



1 1. 2 INTRODUCTION 


The photochemistry of arylaroylaziridines has attracted 

1 — *5 

considerable attention due to their photochromic behaviour 
and potential to undergo a variety of transformations. A few 
of the major reaction pathways followed by these systems 
include intramolecular hydrogen atom transfer, electrocyclic 
ring-opening to give azome thine ylides, and C— N bond cleavage 
leading to deamination. 

Padwa and coworkers^”^*^ have investigated the photochemi- 
cal transformations of several arylaroylaziridines and have 
shown that their photoreactions are strongly influenced by the 
nature of the substituents present in them and also the sol- 
vents employed. Thus, it has been observed that the irradia- 

8 

tion of trans -l-cvclohexyl-2-phenyl-3-benzoylaziridine (la) 
in pentane, for example, gave a mixture of trans -benzalaceto- 
phenone (6) and cyclohexanone (5). The formation of 5 and 6 
was explained in terms of an initial 1,5-hydrogen abstraction 
from the a-position of the N-substituent to give the biradical 
intermediate 2, followed by other transformations, as shown in 
Scheme II. 1. The irradiation of in ethanol, on the other 
hand, gave a mixture of trans- benzalacetophenone (6), cis - 
benzalacetophenone (8) and N-cyclohexylhydroxylamine (9). The 
initial reaction in this case has been assumed to be a G— N bond 
cleavage, giving rise to the biradical intermediate 4, which 
undergoes subsequent transformations to give the observed pro- 
ducts (Scheme II. 1). In contrast, the irradiation of the cis - 
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aziridine in aqueous ethanol gave the phenacylamine deriva- 
tive jU-, arising through the intermediate It may be men- 

tioned in this connection that no products arising through 
azomethine ylide intermediates were formed in the irradiations 
of both 1^ and 1^, under these conditions. However, it has 
been reported earlier that azomethine ylides are formed from 

arylaroylaziridines , when they are irradiated at 77 K in a 
.45 

suitable matrix. ’ Earlier attempts to trap these azomethine 
ylides, by dimethyl acetylenedicarboxylate (DMAD) by irradia- 
ting a mixture of the starting aziridine with DMAD, were un- 
successful. However, mention may be made in this connection 

11—13 

that Huisgen and coworkers had successfully trapped the 

azomethine ylides, photogenerated from N-arylaziridine-2, 3-di- 
carboxylates by DMAD in fluid solutions at room temperature. 

8 10 

In a later investigation, Padwa and coworkers ' have 
examined the photochemistry of a few arylaroylaziridines having 
no a-hydrogen on the N-substituent, such as trans -2-phenvl— 
3-benzoylaziridine (^) and the N-t-butyl substituted aziri- 
dines, 12a and 12b . Irradiation of 23 in protic solvents such 
as ethanol, for example, did not give any product. The trans - 
aziridine 12a , on the other hand, gave a mixture of 2,5-di- 
phenyloxazole (17) and the ring-opened product, The oxa- 

zole 1J[^ in this reaction may be arising through the azomethine 
ylide 3^, whereas the formation of may be explained in terms 
of two distinct pathways, namely, 1,5-hydrogen atom transfer 
(path 'b') and C-N bond cleavage (path 'c'), as shown in 
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Scheme II. 2. In contrast, irradiation of the cis- aziridine 
12b gave a mixture of the oxazole 11_ and fragmentation products 
such as arising through hydrogen abstraction from the sol- 

vent (Scheme II. 2). Based on these observations and deuterium 
labelling studies, path ’ b' , involving intramolecular hydrogen 
atom transfer has been implicated in the formation of 19 . 

Since intramolecular 1,5-hydrogen abstraction (either from 
the a-position of the N-substituent or the ring itself) is a 
major reaction pathway for the trans -arylaroylaziridines , we 
reasoned that the photoreactions of trans -2 ,3-diaroylaziri dines 
should almost exclusively follow this pathway. Also, the photo- 
reactions of cis -diaroylaziri dines should not proceed through 
pathways involving initial hydrogen abstraction. In the present 
investigation, we have examined the photochemical transforma- 
tions of a few 2, 3-dibenzoylaziridines such as trans -l-cyclo- 
hexyl-2, 3-dibenzoylaziridine ( 21a ) , cis -l-cvclohexvl-2,3-di- 
benzoylaziridine ( 21b ) , and trans-l-benzyl-2, 3-dibenzoylaziri- 
dine (22) , with a view to studying the nature of the products 
formed in these reactions and also their reaction pathways. 

Also, it was felt necessary to reinvestigate the photochemistry 
of trans- 2-phenyl-3-benzoylaziridine (23), in the light of the 
reported phototrans formations of 12a and 12b . In principle, 2Z 
should undergo phototrans formations involving 1,5-hydrogen atom 
transfer and electrocyclic ring-opening reactions (Scheme II. 2). 
We have therefore, reexamined the photochemistry of ^ in a non- 
protic medium such as benzene. In addition, we have examined 
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the photochemistry of trans- 1 , 2~dibenzo vl-2-phen via ziri dine 
(24), wherein, the electrocyclic ring-opening reaction is 
expected to.be less favoured. 

Laser flash photolysis studies involving both direct and 
sensitized excitation of 21a ,b . 22, 23 and a few other arylaro- 
ylaziridines such as la,b, trans- 2-p-anisyl-l-cyclohexyl- 
3-benzoylaziridine (^), cis- 1-cvclohe xvl-2-p^-tolvl-3-benzovla- 
ziridine {2^) and cis -l-cyclohexyl— 2— phenyl— 3-p-anisovlaziri- 
dlne (27) have also been carried out to gain information con- 
cerning the spin multiplicities of the excited states and also 
the involvement of biradical and azomethine ylide intermediates 
in these reactions. Attempts have also been made to trap the 
azomethine ylide intermediates through the irradiation of re- 
presentative aziridines such as la,b and 21a, b in the presence 
of DMAD. Chart II. 1 shows the structures of the different ary- 
laroyl- and diaroylaziridines that we have employed in the 
present investigation. 

II. 3 RESULTS AND DISCUSSION 

II. 3.1 Preparative Photochemistry and Product Identifi- 
cation . Irradiation of a benzene solution of trans -1-cyclo— 
hexyl-2, 3-dibenzoylaziridine ( 21a ) for 4 h gave (Z)-l-cyclo- 
hexylamino-l,2-dibenzoylethylene (^) in a ^2r/. yield, along 
with a 36^ recovery of the unchanged 21a (Scheme 11.3). Simi- 
larly, irradiation of the cis -aziridine 21b « under analogous 
conditions, for 6.5 h gave a 32^ yield of along with the 
recovery of considerable amounts (54j4) of the unchanged 21b. 
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Irradiation of a benzene solution of trans --l~benzvl-2t 3~di- 
benzoylaziridine (22) for 4 h, on the other hand, gave (Z)- 
l-benzylamino-l,2-dibenzoylethylene (^) in a 80/ yield, along 
with small amounts of trans-dibenzoylethylene (^, 7/) and 
benzaldehyde (^, 6/) (Scheme II. 4). In contrast to 21a, b and 
22 , irradiation of a benzene solution of trans -2-phenvl-3~ben~ 
zoylaziridine (23) for 4.5 h gave several products such as ben- 
zaldehyde (^, 6/), the dihydropyrazine 44 (5/), benzamide (46, 
4/ ),- acetophenone (£7, 3/), 2,5-dibenzoyl-3,6-diphenylpyrazine 
( 48 , 11/) and 2,5-diphenylpyrazine (49, 8/), along with a 32/ 
recovery of the unchanged 23 (Scheme II. 5). The structure of 
the pyrazine 48_ was established on the basis of analytical 
results, spectral evidence and chemical transformations. Nickel 
peroxide oxidation of the dihydropyrazine £4 in benzene, for 
example, gave the pyrazine 48. In continuation, we have exa- 
mined the photochemistry of l,3-dibenzoyl-2-phenylaziridine 
(24), with a view to understanding the effect of an electron- 
withdrawing substituent at the 1-position in directing the rea- 
ction pathway. Irradiation of a benzene solution of ^ for 
2 h gave a mixture of 2, 5-diphenyloxazole (17, 12/), benzamide 
(46, 8/) and benzoic acid (^, 46/}. Under the conditions of 
workup, the unchanged 24 underwent debenzoylation to give the 
aziridine 23 (52/} (Scheme II. 6). 

We have sought a convincing support for the generation of 
azomethine ylide intermediates in the photochemical ring- 
opening of aziri dines, by carrying out the trapping studies on 
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the cis - trans pairs la ,b and 21a , b , as representative examples. 
Thus, for example, irradiation of in the presence of DMAD, 
in acetonitrile, gave a mixture of the trans -3--pvrroline 57a 
(51;^) and the pyrrole ^ (26/.). Similarly, the irradiation of 
lb in the presence of DMAD, under analogous conditions, gave 
a mixture of the cis -3-pvrroline 57b (62’/), the pyrrole 59b 
(3/.) t and the unchanged (20^) (Scheme II. 7). The structures 
of the pyrrolines 57a, b were assigned on the basis of analytical 
results, spectral data and chemical evidence. Thus, for exam- 
ple, 57a, when refluxed in benzene under oxygen saturation gave 
the pyrrole whereas the 57b underwent dehydrogenation to 

give the same pyrrole, when treated with selenium dioxide. 

The stereochemistry of the pyrrolines 57a and 57b was assigned 
on the basis of their NMR spectra. The C-2 and C-5 protons 
in 57a « for example, appeared as two singlets at 6 3.32 and 
3.63, respectively. The corresponding protons in 57b appeared 
at slightly upfield positions at 6 3.18 and 3.48, respectively. 
That the C--2 and C-5 protons in the cis-3-pyrrolines appear at 


upfield positions compared to the trans -isomers is reported in 

the literature for several pairs of els - and trans -3-pvrroll- 
11,14-19 

nes . 


In contrast to la ,b , tthe irradiation of both the trans - 
aziridine 21a and the cis -aziridine 21b in the presence of 
DMAD in acetonitrile gave similar mixtures of products consist- 
ing of the pyrrole 63 ( 2 and 3-/.) and the Gis -3-pyrroline 61 
(62 and 54;^), along with small amounts of two unidentified 
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compounds. The structure of ^ was arrived at on the basis 
of analytical results, spectral data and chemical evidence. 
Thus, ^ on treatment with nickel peroxide in benzene gave 
the pyrrole 62 , The stereochemistry of is tentatively 
assigned as that of the cis -configuration. Our assignment is 
based on earlier reports, suggesting that the cis -3-pvrro— 

lines are thermodynamically more stable than the corresponding 
trans -isomers due to the relief of nonbonded interactions bet- 
ween the N-alkyl group and the substituents at C-2 and C-5 
positions. 

II. 3. 2 Discussion . The formation of the various pro- 
ducts in the phototransformations of aziridines 21a ,b and 
22-24 could be explained in terms of the pathways shown in 
Schemes II.3-II.6. Thus, the formation of the enaminedione 
31 in the irradiation of 21a may be explained in terms of two 
distinct pathways (path ^a’ and path ' b* , Scheme II. 3). Path 
’a' involves a 1,5-hydrogen transfer from the excited state 
of 21a to give the biradical intermediate 28a , followed by 
further transformations. An alternative pathway (path ' b' ) 
involves the C-N bond cleavage, initiated by the carbonyl 
triplet to give the biradical 29a, and further transformations 
to give Similar reaction pathways may be invoked for the 

formation of the enaminedione 38 from ^ (Scheme II.4). Ear- 
lier investigators^^ had favoured a mechanism involving path 
'a* in a similar transformation (see Scheme II. 2). However, 
based on the following observation, we conclude that path 'b* 
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involving initial C-N bond cleavage is also partially contri- 
buting to product formation in the photolysis of 2,3-dibenzo- 
ylaziridines . If 1,5-hydrogen- transfer (path 'a') is the only 
pathway followed, the cis -aziridine 21b , wherein this pathway 
is restricted, should not give a product such as Contrary 

to this expectation, the irradiation of 21b also gave 31 , 
albeit in a lower yield, compared to 21a . The formation of 
products such as trans -dibenzovl ethylene (36) and benzaldehyde 
(37) in the irradiation of 22 may be explained through an 
intermediate such as which in turn may be arising through 

the biradical 34^, and/or through a 1,5-benzylic hydrogen trans- 
fer to the carbonyl oxygen, followed by C-N bond cleavage (for 
a similar transformation, see Scheme II. 1). 

Formation of the different products in the irradiation of 
23 may be explained in terras of the pathways shown in Scheme 
II. 5. On the basis of product analysis, three distinct rea- 
ction pathways may be envisaged. A 1,5— hydrogen abstraction 
(path *a') in the excited state of 23 could give rise to the 
biradical intermediate which can subsequently undergo 
ring-opening and other transformations to give phenacylamine 
(45) and benzaldehyde (37). The dimerization of 45, under 
the conditions of workup will eventually lead to the pyrazine 
49. A parallel reaction (path ’ c' ) involves the azomethine 
ylide 41, which upon dimerization will give the dihydropyrazine 
44. Further oxidation of 44, under the conditions of workup 
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can give rise to the pyrazine 48. Yet another mode of trans- 
formation of 2 ^ involves a 1,5-hydrogen transfer (path ' b’ ) 
from its excited state, leading to the biradical intermediate 
which in turn, will lead to products such as benzamide 
( 46) and acetophenone (47). 

The phototransf ormations of 24, likewise, may be proceed- 
ing through different pathways. One of these involves the 
ring-opening of ^ to give the azomethine ylide which in 
turn could undergo further transformation to give the oxazole 
^ (path * b’ , Scheme II. 6). The formation of benzamide ( 46 ) , 
on the other hand, could be explained on the basis of the 
intermediate which in turn may arise through the biradical 
intermediate ^ (1,5-hydrogen transfer, path 'a') and/or 
through the biradical ^ (C-N bond cleavage, path 'c'), as 
shown in Scheme II. 6. 

II. 3. 3 Laser Flash Photolysis . In order to shed 
light on the intermediates participating in the photochemistry 
of aziridines, we have carried out nanosecond laser flash 
photolysis and pulse radiolysis of la,b , 21a ,b , 22 . 23 and 25- 
27. The transients were characterized on the basis of detail- 
ed sensitization and quenching studies and low-temperature 
photolysis, carried out in glass matrices. 

a) Direct Laser Excitation . Laser flash photolysis 
(337.1 or 355 nm) of the 2-ary 1-3-benzoylaziridines la,b and 
25-27 in benzene at room temperature resulted in the formation 
of transient species (major), characterized by broad absorption 
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maxima at 470-475 nm and lifetimes ( t) in the range 

of 1.5-3. 5 ns (Figures II. 1 and II. 2). The yield and decay 
kinetics of the major transients remained unchanged in the 
presence of oxygen (~2 mM). On going from benzene to methanol 
the lifetimes of the major transients become substantially 
longer (50-170 |is) and the absorption maxima become blue- 
shifted by 15-20 nm. The low temperature photolysis of la . b 
and 25-27 in glass matrices also gave species having similar 
spectral and kinetic characteristics. Following the decay of 
the major transients, residual absorptions (minor) were obser- 
ved with lifetimes >10 ps and absorption maxima at 440-450 nm. 
Concomitant with the decay at 470-475 nm, growths of absorp- 
tions due to photoproducts could be observed at 300-350 nm, 
which did not show any decay over *^150 ps (longest time domain 
available in the nanosecond laser flash photolysis setup). 
Similar spectral changes were observed upon prolonged irradia- 
tion of ^ in benzene (Figure II. 1, parts C and C ) • 

Laser excitation of 2,3-dibenzoylaziridines 21a. b and 
22 in benzene gave a long-lived transient (X ^ *^480 nm), 
which undergo only 15-30>< decay over 150 ps. The transient 
spectra in these cases were broad and structureless (Figure 
II. 3, parts A-C). At 360-400 nm, additional minor absorptions 
with slightly shorter lifetimes were observed. The transient 
spectrum was insensitive to oxygen. In methanol, the major 
absorption maxima remained practically unchanged (relative 
to benzene) ; however slow growth components were noted over 
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Fig. II. 1 Transient absorption spectra following 337.1 nm laser 
excitation of (A, A') la and (B, B') Tb in benzene. 

The curves C and C' are the ground-state absorption 
spectra of la. in benzene and of the photoproducts 
accumulated after prolonged exposure to 337.1 nm 
laser pulses. Insets : kinetic traces at the wavelengths 
indicated for la in benzene. 
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Fig. II. 2 Transient absorption spectro observed \m 
benzene solutions of (A) 2^, (B) 2^ and 
(C) 27 at 0.3, 0.3 and 0.2 pis jresp ecti ve-ly». 
following 337.1 nm loser excitatior. 
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3 . II. 3 Transient absorption spectra observed upon 337.1 nm laser 
excitation of (A) 21a in benzene, (B) 21 b in benzene. (C) 22 
in benzene and (D,D') 21b in methanol. The spectra 

correspond to (A) 1.0, (B) 1.0, (C) 0.5 , (D) 1,0 and (D')70 ps 
following the laser pulse. 
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100--150 jis at wavelengths close to the major transients' 
maxima (Figure II. 3, part D). 

Laser-induced transient phenomena observed with 2-phenyl- 

3-benzoylaziridine (23) were quite different from la , b and 

25-27 . The laser excitation of 23 in benzene or methanol gave 

intense absorption changes due to a 'permanent* photoproduct 

^\iax ~ Figure II. 4) showing no sign of decay over 

•^150 ps . In addition, there was indication of a minor long- 

lived transient >150 ps) appearing as a shoulder at 400- 

500 nm. Prolonged irradiation of 23 with repetitive 337.1 nm 

laser pulses gave a permanent photoproduct, with absorption 

spectrum superimposable on that of the major product seen in 

the time-resolved experiment. On a short time scale (1-2 ps) 

following the laser pulse, transient processes were observed 

in the form of a fast growth component for the 360 nm species 

and the concomitant decay of the transient absorption ( t = 

110 + 10 ns) at 450-500 nm. The kinetics of these processes 

9 —1 —1 

were enhanced in the presence of oxygen k p. = 3 x 10 M s 

4 »'-'2 

in benzene) but were not affected by 2, 5-dimethyl-2,4-hexadiene 
(DMHD, 35 mM), l-methylnaphthalene (MN, 30 mM) , and ferrocene 
(10 mM), suggesting that the fast component to be a biradical. 

For each of the substrates in benzene and methanol, esti- 
mates were made for products of photoproduct yield (fp) and 
extinction coefficient (e„_ ) by comparing the absorbance 

Ind X 

change at the respective wavelength maximum with that due to 

T T 

the benzophenone triplet ( $^ = 1, >^inax ” ^max ~ 

3 —1 -1 23 

7.6 X 10 M cm ) in an optically matched benzene solution. 
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Fig. 11.4 (A) Absorption spectra of photoproducts at B ps following 
337.1 nm laser excitation of 2^ in benzene. (B) Ground- 
state absorption spectrum of 23 in benzene. (B^) Absorp- 
tion spectra of photoproducts upon prolonged photolysis 
of 23 in benzene by repetitive 337.1 nm laser pulses. 
Insets: kinetic traces at the wavelengths indicated. 
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Equation 1 was used (BP = benzophenone , 

p -j- 

^P^max ^T,BP ®max,BP 

P = photoproduct) , wherein AODp designates the end-of-pulse 
absorbance change due to major transient at its wavelength 
maximum, except in the case of For 23, absorbance changes 

at 360 nm following the completion of the growth process (t = 
110 ns) were used for AODp to give values 1.7 x 10 

4 -1 

and 1.4 x 10 M cm in benzene and methanol, respectively. 
The spectral and kinetic data concerning the major transient 
in the case of la , b . 21a, b . 22 and 25-27 are summarized in 
Table II. 1. 

b) Triplet Sensitization Studies . In order to establish 
that the major transients seen upon direct laser excitation 
of the aziridines were formed under triplet sensitization also, 
pulse radiolysis experiments were carried out for la,b , 21a 
and 23 in benzene with acetophenone as the sensitizer. In 
these experiments, acetophenone was present at a relatively 
high concentration (0.08-0.1 M) and acted as the primary 
acceptor of energy from pulse-radiolytically generated solvent 
(benzene) triplets. In the presence of benzoylaziridine 

substrates (1-5 mM), the triplet energy was subsequently trans- 
ferred from the acetophenone triplet to the substrates and the 
formation of triplet-derived photoproducts was observed. The 
transient spectra and some representative kinetic traces are 
presented in Figure II. 5. The spectral and kinetic behaviour 
of the transients (Xjjjg ^ 5= 475-480 nm) with la , b and 21a as 
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TABLE II. 1 Absorption-Spectral and Kinetic Data for Major 

Transients, Photogenerated from Benzoylaziridines 


at Room Temperature— 

sub- 

strate 

solvent 

X - 

^max’ 

P c 

^P®max ’ 
lO^M ^cm 

-1 

d 

T , - 

\is 

la 

benzene 

475 

3.1 


1.9 


methanol 

450 

2.5 


55 (5.8) 

lb 

benzene 

475 

4.8 


2.4 


methanol 

450 

3.0 


63 (10) 

21a 

benzene 

480 

9.8 


>500 


methanol 

480 

10.1 


17 - (>500) - 

21b 

benzene 

485 

9.0 


>500 


methanol 

480 

13.3 


21 - (>500) - 

22 

benzene 

480 

11.2 


>500 


methanol 

480 

11.3 


34 - (>500) - 

25 

benzene 

475 

2.6 


3.3 


methanol 

450 

1.7 


170 ( 10 ) 

26 

benzene 

460 

5.8 


3.4 


methanol 

455 

4.4 


73 (8.7) 

27 

benzene 

470 

5.3 


2.5 


methanol 

455 

6.7 


54 (5.5) 

— Laser 

excitation 

wavelength. 

337.1 nm. 

b 

+ 5 nm. — + 15>^ . 

^ i Ibyii 

the data 

in parenthesis are in 

acetonitrile. — Lifetimes 

for growth of transient absorption at 

in methanol* — Life- 

times measured by 

conventional 

lamp flash photolysis in acetoni- 

trile are 30, 45 and <^300 ms 

for major 

transients derived from 


21a, 21b and 22, respectively. 
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Fig. II. 5 Transient absorption spectra observed upon pulse 
radiolysis of 0.1 M acetophenone in the presence of 
(A) 3.3 mM 1^ , (B) 1.1 mM 21a , and (C) 1.2mM 23 
in benzene at 10 ps following the electron pulse. 
Insets: kinetic traces at 480 nm for (a) la and 
(b) 21a . 
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the substrates, and the permanent product (\ = 360 nra) 

'max 

with 23 as the substrate, under sensitization by pulse— radio- 
lytic acetophenone triplet were very similar to those observed 
under direct laser excitation (described earlier). 

The 2-aryl-3-aroylaziridines lb, 23 and 26 have relati- 
vely small ground state extinction coefficients at 337.1 nm. 
With these substrates, triplet-sensitization experiments were 
carried out by laser flash photolysis using acetophenone as 
the sensitizer in benzene, with the latter being preferentially 
excited at 337«1 nm. The transient kinetics and absorption 
spectra, under these conditions, were no different from those 
observed under direct laser excitation. 

c ) Probing Biradicals and Carbonyl Triplet Precursors. 

The involvement of short-lived carbonyl triplets has been pro- 
bed by conventional probes such as dienes and naphthalene deri- 
vatives. We have examined the quenching effect of DMHD 
(added up to 0.35 M) upon the end-of-pulse absorbance changes 
( AOD) due to major photoproducts arising from laser pulse 
excitation (337.1 nm) of each of the substrates in benzene. 

The most pronounced effects were observed for 21b , 23 and 27 . 
Stern-Volmer plots based on equation 2 

AOD^ T 

^ = 1+ k^‘ T? [DMHD] (2) 

for these substrates are shown in Figure II. 6. Since the 

plots are essentially linear, one carbonyl triplet precursor 

T 

appears to be predominant in each case. Estimates of kg 
are given in Table II. 2. 




aoDq/aod absorbance change 
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Fig. II. 6 Stern-Volmer plots for DMHD quenching of ylide 
yield based on equation 2 with (A) 21b , (B) 23 
and (C) 27 in benzene. Inset : the transient spectra 
at 0.2 ps following 337.1 nm laser excitation of 
(a) 21b, (b) 21 and (c) 27 in the presence of 0.42 M 
MN in benzene . 



88 


TABLE II. 2 Slopes of Stern-Volmer Plots for DMHD Quenching 
of Major Transient - Yields in Benzene - 


substrate 


T ^ ns 

la 

<0.5 

<0.1 




lb 

• 

0 

1 

-0.2 

21a 

<0.5 

<0.1 

21b 

4.8 (4.8) 

1.0 

22 

<0.5 

<0.1 

■ ■" 



23 

2.9 

0.6 

25 

~ 0.8 

«s> 0 . 2 

26 

^0.8 

- 0.2 

27 

4.4 (3.8) 

0.9 


- Except 23 for which absorbance changes due to the permanent 
photoproduct at 360 nm were monitored. — Laser excitation 

wavelength, 337.1 nm. — + 20*/; the data in parentheses are 

H T 9 —1 —1 

from MN quenching. — Based on = 5 x 10 M s for 

triplet energy transfer from carbonyl triplets to DMHD in 

benzene. 
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Involvement of short-lived triplets, quenchable by 1-me— 
thylnaphthalene (MN) under direct excitation was also shown 
by the laser flash photolysis of 23^, 23 and 27 in the pre- 
sence of 0. 1-0.7 M MN in benzene. The transient spectra 
given in the inset of Figure II. 6, attest the formation of MN 
triplet with its sharp absorption maximum at 425 nm. Laser 
flash photolysis of optically matched benzene solutions of 
21b and 27 and benzophenone (reference) in the presence of 
0.1-0. 7 M MN and comparison of the intercepts of the plots 

3 * 

of the reciprocal of triplet absorbance due to MN at 425 nm 
against 1/[MN] gave estimates of triplet yields (f j) as 
0.8 + 0.1 and 0.7 +0.1 for 21b and 27, respectively (in ben- 
zene, relative to benzophenone). 

Intramolecular hydrogen transfer in the excited states 

of benzoylaziridines should lead to biradicals containing 

ketyl and aminoalkyl radical moieties, both of which are 

97 9A 

readily oxidizable ' by paraquat ( 1 , 1’ -dimethyl-4, 4' -bi- 

+•9 

pyridinium dication, PQ ). The reactions (equations 3 and 4) 

27-34 

are well recognized in the literature and have often been 

9Q An 

used ' to probe biradicals of Norrish type II photoreactions 



-OH 

t 

- 

► ^0=0 + 

♦ ♦ 
PQ 

+ h " 

(3) 

>- 


+ 

- 

i 

\/ 

11 

o 

/ \ 

+ 

pd'' 

(4) 


Laser flash photolysis (337.1 nm) of roethanolic solutions of 
23. 25 and 27, containing 2-20 mM [PQ ] showed appreciable 
formation of PQ*^, with its characteristic absorption maxima 



at 395 (sharp) and 610 nm (broad) (see the inset of Figure 
II. 7). With other substrates, PQ formation was small and 
can be accounted for, to a large extent, by the fractional 
absorption of laser photons by PQ'*'^ itself, leading to its 

o p;, o A 

photoreduction. Using optically matched solutions (OD = 

1.0 in 2 mm cell at 337,1 nm) of 23, 25, 27 and 4 ,4' -dimetho- 
xybenzene in methanol, absorbance change (AOD . . ) due to PQ ^ 

PQ*'*’ 

at 610 nm was measured as a function of [PQ"*" ]. Double-reci- 
procal plots of AOD against [PQ^^] , based on equation 5, 

PQ 

are shown in Figure II. 7. The linearity of these plots sugg- 
ests that a single photointermediate (biradical), oxidizable 


1 

AOD 

PQ 


= Const X (1 + 




-q B 


(5) 


B 

by PQ is involved in each case. Values of k t , measured 

q tJ 

from the intercept-to-slope ratios and quantum yields (^g) of 

biradicals estimated from the comparison of intercepts with 

that in the case of 4,4' -dimethoxybenzophenone triplet (ele- 
27 

ctron donor), are presented in Table II. 3. 


In the case of the decay of the fast component of 
transient absorption at 400-550 nm became enhanced in the 
presence of PQ , suggesting that the short-lived species 
responsible for this decay process was the reductant for PQ 

The plot of the pseudo-first-order rate constant for PQ for- 

-h2 9 —1 —1 

mation against [PQ J gave (4.7 + 0.8) x 10 M s as the 

rate constant for electron transfer to paraquat, the intercept 
7 —1 

( •« 1.0 X 10 s ) of this plot is close to the rate constant. 
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Fig. II. 7 Plots, based on equation 5, tor the absorbance 
change due to (at 610 nm) formed as a 

result of 337. Inm laser excitation of (A) 23 , 
(B) 25 , (G> 27 and (D) 4, 4'-dimethoxybenzo - 
phenone in methanol . Insets : the transient 
spectra at 0.5 ps following 337. I nm laser excita- 
tion of (a) 23 , (b)25 , and (c) 37 in the presence 
of 18 mM PQ*^ in methanol . 
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TABLE II. 3 


B a 

% Data — Obtained from Paraquat 

Reduction in Methanol — 


substrate 


^B 


c 

Tg,- ns 


0.7 

+ 0.1 

400 + 50 

85 

25 

0.3 

+ 0.1 

127 ± 20 

27 

27 

0.5 

+ 0.1 

30+6 

6 


3l 

— Average of three measurements. — Laser excitation wavelength; 
337.1 nm. — Based on k^^ = 4.7 x 10*^ M ^ . 

q 
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fs —I 

(9.0 + 0.8) X 10 s , observed for the decay of the fast 

component in the case of 23 (in the absence of a quencher). 

Also, note that the t value (470 M“^) calculated from PQ*''' 

B —1 

growth kinetics and the k^^ Xg value (400 M ) obtained from 
the treatment of PQ**^ absorbance data, based on equation 5 
agree with each other within experimental error. All these 
results point to an assignment of the 110 ns transient in the 
case of ^ as a biradical and acts as a precursor for the 

Q 

360 nm permanent product. Assuming a value of 4.7 x 10 Ms 

B 

for kq for biradical intermediates in the case of 25 and 27 . 

Xg’s were estimated to be 27 and 6 ns, respectively. 

d) Quenching of the Major Transient = 440-480 nm) 

by Acids and DMAD . The decay of the major transient of aziri- 
dines absorbing at 440-480 nm was found to be very sensitive 
to trifluoro- and trichloroacetic acids, suggesting a zwitteri- 
onic nature and high proton affinity. Unfortunately, the acid 
quenching study was complicated due to the protonation of the 
aziridine substrates in the ground state. Nevertheless, the 
following observations deserve mention. First, at a given | 

substrate concentration (0.05-0.1 M) in benzene, the rate con- 
stant for transient quenching in the case of la was 4-6 times 
smaller than that in the case of lb, suggesting that the tran- ■ 
sients photogenerated from these two isomeric aziridines are j 
distinct. A similar but smaller difference could be observed 
in the case of the isomeric aziridines 21a and 21b also. In I 
this case, however, the transient from the c is -aziridine 21b 


was less reactive 
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The 1,3-dipolar addition of azomethine ylides to di- 
polarophiles (ethylene/acetylene derivatives) under conditions 
of both thermolysis and photolysis of aziridines is well es- 
tablished in the literature. Thus, a convincing 
support for the ylide assignment was sought from the quenching 
effect of a typical dipolarophile. Attempts to quench the 
440-480 nm transients by DMAD at millimolar concentrations 
showed very little or no enhancement in their decay over 20- 
150 ps. Since the dibenzoylaziridines 21a ,b and 2 ^ give tran- 
sients (X ^ *^480 nm) that are very longlived, conventional 

max 

lamp flash photolysis experiments were, carried out for these 
systems in acetonitrile. The lifetimes of the transients were 
found to be 30-300 ms in this solvent, and the enhancement of 
their decay was readily observed upon addition of 5-50 mM DMAD. 

The bimolecular rate constants for transient quenching of these 
substrates by DMAD in acetonitrile and a rough estimate of the 
same for la ,b and 25-27 in methanol are presented in Table II. 4. ; 

e) Assignment of Major Transients . The most plausible 
interpretation for the major transient species = 450- | 

480 nm) photogenerated from la ,b , 21a ,b , 22 and 25-27 appears j 

I 

to be azomethine ylides formed via C-C bond cleavage in the | 

aziridine ring. This assignment is based on the similarity of , 
spectral features with those of stable coloured species, formed j 
upon photolysis at 77 K and on the quenching behaviour toward | 
acids and DMAD. Assignments in terms of long-lived triplets or I 
triplet biradicals (derived from intramolecular hydrogen abstra- I 
ction or C-N bond cleavage in the aziridine ring) are ruled out 
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TABLE II. 4 Rate Constants 

by DMAD 

(k ) for Major 

M 

Transient Quenching 

substrate solvent 

max 

1 ^ a 1 ““1 

k , - 10 M s 



[DMAD], M 

4 

la 

methanol 

2.7 

<5 

lb 

methanol 

2.3 

<8 

21a 

acetonitrile 

0.041 

3.2 

21b 

acetonitrile 

0.048 

2.9 


acetonitrile 

0.048 

0.86 

25 

methanol 

2.3 

<6 

2^ 

methanol 

2.3 

<5 

21 

methanol 

2.3 

<15 


— Measured for benzoylaziridines la^b and 25-27 by 337,1 nm 
laser flash photolysis (transient decay observed at 450 nm 
over 150 ps ) and for dibenzoylaziridines 21a , b and ^ by 
conventional lamp flash photolysis (transient decay observed 
at 480 nm over 0.1-1 s). 



both 21a and 21b in the presence of DMAD gave similar mixtures 
of products consisting of the pyrroline the pyrrole ^ and 
the two unidentified compounds (Scheme II. 7). It may be noted 
that acid-quenching studies (see earlier) had suggested that 
the azomethine ylides photogenerated from 21a and 21b are dis- 
tinct. This is taken to mean that the pyrrolines formed 
( stereospecifically) undergo epimerization under the conditions 
of workup to give the more stable ( thermodynamically 
cis -pyrroline 61 . Since the cis - trans isomerization of aziri- 
dines is not observed, isomerization of the azomethine ylide 
itself, may be ruled out. 

As evident from the data presented in Table II. 1, among 
the methyl/methoxy-substituted benzoylaziridines, the substi- 
tuents do not have any drastic effect on ylide lifetimes and 
absorption maxima. However, between a benzoylaziridine (e.g., 
la ) and a dibenzoylaziridine (e.g., 21a ) , the following two 
differences are evident. First, in methanol the is red- 

shifted by *-30 nm in the case of dibenzoylaziridine. Second, 
the azomethine ylide photogenerated from 21a is considerably 
longer-lived than that from 3^. Based on electronic effects, 
one would expect the absorption spectra of ylides from benzoy- 
laziridines to be red-shifted and the ylide itself to be 
longer-lived. The observation to the contrary may be explained 
in terms of less steric distortion from planarity in the. case 
of ylides, photogenerated from dibenzoylaziri dines. 

The parallelism in kinetics of growth processes at short 
wavelengths (300-360 nm) with those of the decay of ylides in 



various solvents in the presence or absence of ylide quenchers 
suggests that the former are the results of thermal changes 
associated with ylides. One process that seems plausible is 
the 1 , 4-migration'^*^ ’ of the substituent on the nitrogen 
atom to the carbonyl oxygen, forming a 1 ,4-diphenylbutadiene 
analogue (equation 6), which should absorb strongly at 320- 
360 nm. 
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The permanent photoproduct (X_. = 360 nm) observed in 

IugI X 

the case of 23 may be the 1,4-butadiene analogue 42 (Scheme 
II.5), formed through the intermediacy of biradical 39 ( t = 
110 ns). The assignment is based on the isolation of benzal- 
dehyde (^) and the pyrazine 49. The azomethine ylide in 
this case, is a minor product and probably corresponds to the 
tail absorption (transient) of 400-500 nm observed in the 
course of low-temperature photolysis in the glass, as well as 
laser flash photolysis in fluid solutions. 


The quenching studies with DMHD and MN clearly establish 
that very short-lived carbonyl-type triplets act as precursors I 

for the 360 nm species in the case of 23 and for azomethine yiii 
des in the case of most of the other benzoylaziridines . The tri' 
plet involvement is also supported by sensitization studies witi 
acetophenone as the triplet donor. For 21b ,23 and 27, the tripl* 
are relatively long-lived - 1 ns). Note that these are the 

substrates in which intramolecular hydrogen abs ifraction is 


less favourable due to electronic effects and/or structural 
constraints. In analogy to the mechanisra'^^”*'^® of bimolecular 
quenching of ketone triplets by amines, one would expect intra- 
molecular electron transfer, forming an exciplex (^E*), to 
precede the proton transfer (recognized by Padwa and cowor- 
kers). In such a case, the difficulty of proton transfer 

3 ♦ 

in E determines its lifetime. To explain the trend in s, 
estimated from diene quenching, an equilibrium between E and 
locally excited carbonyl triplet has to be invoked. 

Among the substrates under study, particularly, 23, ^ 
and 27 show the involvement of a relatively long-lived bi- 
radical, oxidizable by PQ . These are best assigned as the 
biradicals formed by intramolecular hydrogen transfer and C-N 
bond cleavage (see Schemes II.1-II.6). Thus, short lifetimes 
of biradicals suggest that the rupture of the weak bond(s) in 
the strained aziridine ring provides a thermodynamically fa- 
vaourable pathway for fast degradation of the biradicals to 
products. 

f) Comparison with Benzoyloxiranes . The comparison of 

the properties of azoraethine ylides photogenerated from ben- 

zoylaziridines with those of carbonyl ylides photogenerated 

49 

from benzoyloxiranes forms an interesting study. Substitu- 
ent effects on absorption maxima and decay kinetics of carbonyl 
ylides, for example, are pronounced and systematic, compared 
to those in the case of azomethine ylides. The carbonyl ylides 
are short-lived ( T ~ 50-170 |xs in methanol) and have their 
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maxima considerably red-shifted (\ = 520-600 nm). The 

ni8i X 

reactivity of carbonyl ylides with DMAD is 10^ times faster 
than that of azomethine ylides. Alcohols prove to be ready 
reactant (quencher) for the carbonyl ylides, while the azo- 
methine ylides apparently become stabilized in the presence 
of alcohols. Carbonyl triplets are shown to be involved as 
ylide precursors for both classes of benzoyl derivatives, they 
are far more short-lived (t^ < 1 ns) in the case of aziridines; 
this reflects the importance of intramolecular electron trans- 
fer from the nitrogen center, 

II. 4 EXPERIMENTAL SECTION 

All melting points are uncorrected and were determined on 
a Mel-Temp apparatus. The IR spectra were recorded on Perkin- 
Elmer Model 377 or 580 infrared spectrometers. The electronic 
spectra were recorded on Cary 17D or 219 spectrophotometers. 

The NMR spectra were recorded on Varian EM-390 or Nicolet 
NB-300 NMR spectrometer, using tetramethysilane as internal 
standard. The mass spectra were recorded on a JEOL JMS-D 300 
mass spectrometer at 70 eV. All steady-state irradiations 
were carried out either in a Srinivasan-Griffin-Rayonet photo- 
chemical reactor (RPR* 2537 or 3000 %) or by using a Hanovia 
450 W medium pressure mercury lamp in a quartz-jacketted immer- 
sion well or using the output (3660, 3350, 3150 %.) from medium 
pressure Hg lamp (B and L SP-200) coupled with a monochromator 
(B and L 33-86-07). 
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11. 4.1 Starting Materials . trans -l-Cvclohexvl-2-phenyl-- 

3-benzoylaziridine (la),^*^ rap 101-102 ®C, cis-l-cyclohexyl- 
2-phenyl-3-benzoylaziridine rap 105-106 °C, trans - 

l-cyclohexyl-2,3-dibenzoylaziridine ( 21a ) rap 138-139 °C, 

5 o o 

cis -l-cyclohexvl-2. 3-dibenzovlaziridine (21b), rap 148-149 C, 
trans -l-benzyl-2.3-dibenzoylaziridine (22),^^ rap 134-135 °C, 
trans -2-phenyl-3-benzoylaziridine (23),^*^ rap 99-100 °C, trans - 
1 , 3-dibenzoyl-2-phenylaziridine (24),^^ mp 128-129 °C, trans- 
l-cyclohexyl-2-p-anisyl-3-benzoylaziridine (^) , * rap 90- 

91 °C, cis- l-cyclohexyl-2-p-tolvl-3-benzoylaziridine (26),^^ 
rap 122 °C, cis- l-cyclohexyl-2-phenyl-3-anisoylaziridine (27),^^ i 
rap 173-174 °C and dimethyl acetylenedicarboxylate (DMAD),^^ 
bp 95-98 °C/19 ram were prepared by reported procedures. 1-Me- 
thylnaphthalene (MN), 2, 5-dime thyl-2,4-hexadiene (DMHD) and 
trichloroacetic acid used were obtained from Aldrich, Paraquat ; 
(PQ , methylviologen, Aldrich) was precipitated from aqueous 
methanol by adding excess of acetone. Petroleum ether used 
was the fraction with bp 60-80 °C. 

11. 4. 2 Photolysis of trans-l-Cyclohexyl-2,3-dibenzoyla- 

/ I 

ziridine (21a). A solution of 21a (500 mg, 1.5 mmol) in ben- 
zene (300 mL) was irradiated (RPR, 3000 R) for 4 h at ca. 25 *^C. | 
The experiment was repeated to photolyse, in all 1,0 g (3.0 mmol) 
of 21a . Removal of the solvent under vacuum gave a residual 
solid, which was separated by preparative thin layer chromato- 

’■ ■' " ' ■ ' ■■ . , i 

graphy over silica gel to give 520 mg (5^) of (Z)— 1— Cyclohe- 

53 o 

xylamino-l,2-dibenzoylethylene (^) , rap 131-132 C (mixture | 



mp), after recrystallization from petroleum ether and 360 mg 
(36-/) of the unchanged 21a, mp 138-139 °C (mixture mp). 

II. 4. 3 Photolysis of cis - l-Cyclohexvl-2, 3-dibenzoyl- 
aziridine ( 21b ) . A solution of 21b (500 mg, 1.5 mmol) in ben- 
zene (300 mL) was irradiated (RPR, 3000 X) for 6.5 h at ca. 

25 °C. The irradiation experiment was repeated to photolyse, 
in all 1.0 g (3.0 mmol) of 21b . Removal of the solvent under 
reduced pressure gave a product mixture, which was separated by 
preparative thin layer chromatography over silica gel to give 
320 mg (3:2/) of mp 131-132 °C (mixture mp) and 540 mg (54/) 
of the unchanged 21b , mp 148-149 °C (mixture mp). 

11*4.4 Photolysis of trans - l-Benzyl-2,3-dibenzoyl- 
aziridine (^). A solution of 22 (511 mg, 1.5 mmol) in benzene : 
(300 mL) was irradiated (RPR, 3000 X) for 4 h at ca. 25 *^C. The 
photolysis was repeated to photolyse, in all 1.022 g (3.0 mmol) 
of 22. Removal of the solvent under vacuum gave a product mix- | 
ture, which was separated by preparative thin layer chromato- 
graphy over silica gel to give trans -dibenzoyl ethylene ( 36 , 

50 mg, 7/), mp 110-111 °C (mixture mp), benzaldehyde (^, 32 mg, | 
6/), ( superimposable ir spectrum with that of an authentic sam- | 
pie) and 800 mg (80/) of (Z)-l-benzylaminoT-l,2-dibenzoylethylene I 
(^), mp 102-103 C (mixture mp), after recrystallization from 
petroleum ether. 

II. 4. 5 Photolysis of trans - 2-Phenvl-3-benzoylaziridine 
(23). A solution of 23 (446 mg, 2.0 mmol) in benzene (350 mL) 
was irradiated (Hanovia 450 W, medium pressure Hg lamp) for 
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4.5 h at ca. 25 °C. The photolysis was repeated to photolyse, 
in all 2.23 g (10.0 mmol) of 2Z, Removal of the solvent under 
vacuum gave a residual solid, which was chromatographed over 
neutral alumina. Elution with a mixture (1:9) of benzene and 
petroleum ether gave 35 mg {3yi) of acetophenone (47) (super- 
imposable ir spectrum with that of an authentic sample). Con- 
tinued elution with a mixture (3:7) of benzene and petroleum 
ether gave 64 mg (6r/.) of benzaldehyde (^) ( superimposable ir 
spectrum with that of an authentic sample). Further elution 
with a mixture (1:1) of benzene and petroleum ether gave 93 mg 
(8><) of 2, 5-diphenylpyrazine (49), mp 193-194 °C (lit.^*^ mp 
191-193 °C) , after recrystallization from a mixture (1:9) of 
benzene and petroleum ether. Continued elution with benzene 
gave 240 mg (11;^) of 2,5-dibenzoyl-3,6-diphenylpyrazine (48), 
mp 145-146 °C, after recrystallization from a mixture (1:9) of 
benzene and petroleum ether. 

IR spectrum v (KBr): 3045, 3020, 2950, 2920 (CH), 1660 

luo X 

(C=0), 1590 and 1580 (C=C) cm"^. 

UV spectrum X (methanol); 253 nm (e, 62,000) and 296 

1113 X 

(46,000). 

NMR spectrum (CDCI3): 6 7.23-8.03 (m, aromatic). , 

NMR spectrum (CDCI3): 6 127.12, 128.36, 128.63, 
128.69, 128.76, 129.03, 129.12, 129.25, 129.49, 129.87, 

130.19, 130.51, 133.77, 134.04, 135.78, 136.07, 141.45, 

149.29 and 193.58 (C=0). 
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Mass spectrum, m/e (relative intensity): 440 (M"^, 1 ), 

336 (M'^ - COC^H^, 99), 335 (m"^ - C0C^H^» 26). 307 (M^ 

- COC^H^, - CO, 39), 105 (C^H^CO^, 100 ), and other peaks. 

Anal. Calcd C 3 QH 2 QN 2 O 2 : C, 81.81; H, 4.54; N, 6.36. 
Found; C, 81.63; H, 4.68; N, 6.12. 

Further elution of the column with benzene gave 710 mg 
( 3 ;^) of the unchanged 23 f mp 99-100 (mixture mp). Conti- 
nued elution with a mixture (9:1) of benzene and ethyl acetate 
gave 45 mg {Ay.) of benzamide (46), mp 131-132 °C (mixture mp). 
Subsequent elution with a mixture (7:3) of benzene and ethyl 
acetate gave 200 mg (9*/.) of dihydropyrazine 44, mp 228-229 °C 
(lit.^^ mp 232-234 °C). 

Conversion of 44 to 48 . To a solution of 44 (110 mg, 

0.25 mmol) in benzene (5 mL) was added freshly prepared nickel 
peroxide (90 mg, 1.0 mmol) and the reaction mixture was stirred 
for 40 h at ca. 25 °C. The inorganic material was removed by 
filtration and removal of the solvent from the filtrate, under 
vacuum gave 75 mg ( 68 y) of 48, mp 145-146 °C (mixture mp), 
after recrystallization from a mixture (1:9) of benzene and 
petroleum ether. 

II. 4. 6 Photolysis of trans - 1 , 3-Dibenzoyl-2-phenyla zi- 
ridine ( 24) . A solution of 24 (327 mg, 1.0 mmol) in benzene 
(300 mL) was irradiated (RPR, 3000 R) for 2 h at ca. 25 °C. 

The experiment was repeated to photolyse, in all 981 mg 
( 3.0 mmol) of 24. Removal of the solvent under vacuum gave a 





product mixture, which was chromatographed over neutral alu- 
mina. Elution with petroleum ether gave 80 mg (12/.) of 2,5-dl 
phenyloxazole (j^), mp 80-81 °C (mixture mp), after recrysta- 
llization from petroleum ether. Continued elution with a mix- 
ture (1:1) of benzene and petroleum ether gave 170 mg (46/) 
of benzoic acid (^), mp 120-121 ®C (mixture mp). Further 
elution of the column with benzene gave 350 mg (52/) of trans - 
2-phenyl-3-benzoylaziridine (23), mp 99-100 °C (mixture mp). 
Subsequent elution with a mixture (9:1) of benzene and ethyl 
acetate gave 80 mg (8/) of benzamide (46), mp 131-132 °C 
(mixture mp). 

In a separate experiment, a solution of 24 (100 mg, 

0.3 mmol) in methylene chloride (10 mL) was treated with neu- 
tral alumina (1.0 g) and stirred at ca. 25 °C for 2 h. Removal 
of the inorganic material by filtration and the solvent under 
vacuum gave 65 mg {9b/.) of 23, mp 99-100 (mixture mp ) , 

II. 4. 7 Photolysis of a Mixture of trans - l-Cyclohexyl- 
2-Phenyl-3-benzoylaziridine (la) and Dimethyl Acetylenedi- 
carboxylate (DMAD) . A mixture of (1.0 g, 3.27 mmol) and 
DMAD (0.93 g, 6.55 mmol) in acetonitrile (350 mL) was irra- 
diated (Hanovia 450 W, medium pressure Hg lamp) for 1 h at 
ca, 15-20 °G, Removal of the solvent under vacuum gave an 
oily substance, which was chromatographed over florisil. 
Elution of the column with a mixture (9:1) of benzene and 
petroleum ether gave 0.4 g of the unchanged DMAD, bp 95- 
98 °C/19 mm. Continued elution with benzene gave 380 mg (26/) 
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of dimethyl i—cyclohexyl— 2--phenyl-5“benzoylpyrrole— 3,4— di- 
carboxylate (M)/ mp 142-143 °C (mixture mp}, after recry- 
stallization from methanol. Subsequent elution with a mix- 
ture (9:1) of benzene and ethyl acetate gave 750 mg (51/.) of 
dime thyl jtran^— 1— cyclohexyl— 2— phenyl— 5— benzoyl-3— pyrrol in e— 
3,4-dicarboxylate (57a), as a viscous liquid. 

IR spectrum (neat): 3080, 3050, 3020, 2960, 2850 

(CH), 1715, 1680 (C=0), 1590 and 1570 (C=C) cm"^. 

UV spectrum X (methanol): 225 nm ( e, 44,000), 268 

ludl X 

(29,500), and 284 (3,500). 

H NMR spectrum (CDCI 3 ): 60.75-2.38 (11 H, m, cyclo- 
hexyl), 3.32 (1 H, s, methine), 3.63 (1 H, s, methine), 3.75 
(3 H, s, methoxy) , 3.92 (3 H, s, methoxy), and 7.08-7.95 
(10 H, m, aromatic). 

Anal . Calcd for C 2 yH 2 gN 0 g: C, 72.48; H, 6.48; N, 3.13. 
Found: C, 72.03; H, 6.27; N, 3.27. 

Conversion of 57a to 58 . A solution of 57a (200 mg, 
0.44 mmol) in benzene (10 ml) was saturated with oxygen and 
refluxed for 5 h. Removal of the solvent under vacuum gave 
190 mg (96/) of mp 142-143 °C (mixture mp), after recry- 
stallization from methanol. 

11*4.8 Photolysis of a Mixture of cis - l-Cyclohexyl- 
2-ph eny 1 - 3 -ben zo via z i ri din e (lb) and Dimethyl Acetylenedi- 
ca rbo xyla te ( PMAD ) . A mixture of lb (1.0 g, 3.27 mmol) and 
DMAD (0.93 g, 6.55 mmol) in acetonitrile (350 ml) was - 


XU / 


irradiated (Hanovia 450 W, medium pressure Hg lamp) for 3 h 
at ca. 15—20 C. Removal of the solvent under vacuum gave 
an oily substance, which was chromatographed over florisil. 
Elution with a mixture (1:9) of benzene and petroleum ether 
gave 0.45 g of the unchanged (DMAD) , bp 95-98 °C/19 mm. Fur- 
ther elution with a mixture (1:1) of benzene and petroleum 
ether gave 50 mg (3;^) of dimethyl l-cyclohexyl-2-phenyl- 
pyrrole-3,4-dicarboxylate (59b),^® mp 109-110 °C, after re- 
crystallization from petroleum ether. Continued elution with 
benzene gave 200 mg { 20 ’/.) of the unchanged 1^, mp 105-106 °C 
(mixture mp). Subsequent elution with a mixture (9:1) of ben 
zene and ethyl acetate gave 1.05 g (62-/.) of dimethyl cis- l-cy 
clohexyl-2-phenyl-5-benzoyl-3-pyrroline-3,4-dicarboxylate 
(57b), as a viscous liquid. 

IR spectrum (neat): 3080, 3045, 3020, 2940, 2850 

ulo X 

(CH), 1715, 1665 (C=0), 1600 and 1590 (C=C) cm"^. 

UV spectrum ^ (methanol): 228 nm (e, 45,500), 265 
ins X 

(27,700), and 278 (1,800). 

NMR spectrum (CDCI3): 6 0.83-1.78 (11 R, m;^ cyclo- 
hexyl), 3.18 (1 H, s, methine) , 3.48 (1 H, s, methine), 3.53 

(3 H, s, methoxy), 3.70 (3 H, s, methoxy) , and 7.13-7.95 
(10 H,m, aromatic). 

Mass spectrum, m/e (relative intensity): 447 (M , 1), 
342 (M'*' - GOC^H^ , 18) , 341 (M"^ - C^H^CHO , 100 ) , 310 (M"*" 

- CbH^CHO, - OCH 3 , 53), 259 (M"^ - C^H^GHO, - 62), 

228 (M'^ - C^H^CHO, - - OCH3, 76), and other peaks. 
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Mal.» Calcd for C27H2gN0^: C, 72.48; H, 6.48; N, 3.13. 
Found: C, 72.16; H, 6.34; N, 3.48. 

Conversion of 57b ^ A solution of 57b (100 mg, 

0.22 mmol) in benzene (5 mL) was refluxed for 10 h in the 
presence of oxygen. Removal of the solvent under vacuum gave 
the unchanged 57b (95 mg, 95;^), ( superimposable ir spectrum). 

In a separate experiment, a mixture of 57b (200 mg, 

0.44 mmol) and selenium dioxide (400 mg, 3.6 mmol) was heated 
at ca. 200 °C in a sealed tube for 1 h. The reaction mixture 
was extracted with methylene chloride and dried over anhydrous 
sodium sulphate. Removal of the solvent under vacuum gave a 
residue, which was recrystallized from methanol to give 160 mg 
(81;/i) of mp 142-143 °C (mixture mp). 

11,4.9 Photolysis of a Mixture of trans - l-Cyclohexyl- 
2, 3-dibenzovlazlridine ( 21a ) and Dimethyl Acetylenedicarbo- 
xyla te ( DMAD ) . A mixture of 21a (1.0 g, 3.0 mmol) and DMAD 
(0,85 g, 6.0 mmol) in acetonitrile (350 mL) was irradiated 
(Hanovia 450 W, medium pressure Hg lamp) for 45 min at ca. 

15-20 ®C. Removal of the solvent under vacuum gave an oily 
substance, which was chromatographed over florisil. Elution 
with a mixture (1:9) of benzene and petroleum ether gave 0.33 g 
of the unchanged DMAD bp 95-98 °c/l9 mm. Further elution with 
a mixture (2:3) of benzene and petroleum ether gave 100 mg 
( 9 -/) of an unidentified compound (analysing to C 2 QHj^gO^), mp 
199_190 °C, after recrystallization from a mixture (1:9) of 
benzene and petroleum ether. 






IR spectrum (KBr); 3080, 3058, 2995, 2940, 2830 

(CH), 1725, 1665 (C=0) and 1588 (C=C) cm“^. 

UV spectrum (methanol): 222 nm ( e, 12,000), 258 

ul o X 

(23,500), 290 (16,400), and 298 (15,000). 

NMR spectrum (CDCl^)* 6 3.75 (6 H, s, methoxy), 5.83 
(2 H, s, vinylic), 7.58-7.97 (6 H, m, aromatic) and 8.18-8.56 
(4 H, m, aromatic). 

NMR spectrum (CDCl^): <5 52.79 (q, methoxy), 53.14 
(d, sp^-C), 128.66, 129.35, 133.74, 136.21, 167.67 (C=0) and 
193.77 (C=0). 

Mass spectrum, m/e (relative intensity): 354 (11), 338 
(7), 337 (62), 323 (8), 305 (17), 291 (78), 249 (9), 233 (18), 
232 (99), 217 (12), 105 (100), 77 (98), and other peaks. 

Anal . Found: C, 67.85; H, 5.18. 

Further elution with a mixture (1:1) of benzene and 
petroleum ether gave 25 mg {2yi) of dimethyl 1— cyclohexyl— 

2— benzoylpyrrole-3 , 4-dicarboxylate (6^), mp 109-110 *^C, after 
recrystallization from a mixture (1:9) of benzene and petro- 
leum ether. 

IR spectrum 3000, 2940, 2860 (CH), 

1730, 1720 , 1640 (0=0), 1595 and 1575 (C=C) cm 

UV spectrum X (methanol): 244 nm (e, 23,000), 250 
■ IHclX 

( 22 , 400 ), 256 (21,500) and 298 (12,500). 

NMR spectrum (CDCl^)* 6 1.08-2.33 (10 H, m, cyclo- 
hexyl), 3.23 (3 H, s, methoxy), 3.84 (3 H, s, methoxy), 4.23- 
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4.68 (1 H, m, a~proton of the cyclohexyl), and 7.28-7.93 
(6 H, m, aromatic and vinylic). 

Mass spectrum, m/e (relative intensity): 369 (m'^, 15), 
338 (M"^ - OCH 3 , 100), 307 (M^ - OCH 3 , 71). 224 (m"^ - 
- OCH 3 , - OCH 3 , 40), 105 (C^H^CO^, 40), and other peaks. 

Anal . Calcd for C 23 H 23 NO^: C, 68.29; H, 6.23; N, 3.79. 
Found: C, 68.45; H, 6.01; N, 3.75. 

Continued elution with benzene gave 880 mg {62y») of 
dimethyl cis -l-cvclohexyl-2.5-dlbenzoyl-3-pvrrollne-3.4-di- 
carboxylate (^)» as a viscous liquid. 

IR spectrum (neat): 3066, 3045, 3000, 2950, 2938, 

2860 (CH), 1730, 1685 (C=0), 1595 and 1580 (C=C) cm"^. 

UV spectrum (methanol): 225 nm (e, 53,000), 258 

lUvl X 

(47,500), and 295 (18,000). 

NMR spectrum (CDCI 3 ): 6 1.12-2.08 (11 H, m, cyclo- 
hexyl), 3.68 (2 H, s, methine), 3.85 (6 H, s, methoxy) and 
7.15-8.30 (10 H, m, aromatic). 

Anal . Calcd for ^28^29^^6* 70.73; H, 6.10; N, 2.98. 

Found; C. 71.15; H, 5.87; N, 2 . 68 . 

Subsequent elution with a mixture (7:3) of benzene and 
ethyl acetate gave 132 mg (1^) of an unidentified compound 
(analysing to C 2 j_H 23 N 05 ) , mp 153-154 °C, after recrystalliza 
tion from a mixture (3:7) of benzene and petroleum ether. 


I 





IR spectrum (KBr); 3410 (OH), 3110, 3045, 2980, 

2930, 2940 (CH), 1720, 1695 (C=0), 1600, 1575 and 1528 
(0=0) cm“^. 

UV spectrum X (methanol); 228 nm (e, 47,600), 270 
(27,000), and 273 (26,000). 

NMR spectrum (CDCl^); 6 1.08-2.43 (10 H, m, cyclohexyl) 
3.63 (3 H, s, methoxy), 3.69 (1 H, s, OH, D20-exchangeable ) , 
3.88 (3 H, s, methoxy) and 7,20-7.68 (6 H, m, aromatic and 
vinylic). 

NMR spectrum (CDCl^): 6 23.01 (t, sp^-C) , 23.22 (t, 
sp^-C), 24.77 (t, sp^-C), 32.03 (t, sp^-C) , 33.97 (t, sp^-C) , 
51.25 (q, methoxy), 51.42 (q, methoxy), 84.25 (s, sp^-C), 

85.19 (s, sp^-C), 108.79, 118.52, 122.59, 127.18, 128.08, 
128.15, 128.35, 138.47, 144.62, 163.25 (C=0), and 164.17 (C=0). 

Mass spectrum, m/e (relative intensity): 369 (7), 338 
(18), 337 (46), 307 (7), 277 (10), 264 (100), 233 (12), 232 
(65), 105 (67), and other peaks. 

Anal . Found: C, 68,39; H, 6.25; N, 3.80. 

Conversion of 61 to 62 . To a solution of ^ (238 rag, 

0.5 mmol) in benzene (15 mL) was added freshly prepared 
nickel peroxide^^*^^ (90 mg, 1 mmol) and the reaction mixture 
was stirred for 40 h. The inorganic material was removed by 
filtration and removal of the solvent from the filtrate under 
vacuum gave a residue, which was recrystallized from a mixture 
(1:9) of benzene and petroleum ether to give 180 mg (76:4) of 
dimethyl l-cyclohexyl-2,5-dibenzoylpyrrole-3,4-dicarboxylate 
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( 62 ), mp 182-183 °C. 

IR spectrum (KBr): 3040, 3005, 2980, 2920 (CH), 

1700, 1645 (C=0), 1585 and 1568 (C=C) cm"^. 

UV spectrum (methanol): 227 nm (e, 52,000), 262 

(62,300), 267 (62,500) and 300 (31,500). 

NMR spectrum (CDCI 3 ): 6 0.93-2.13 (11 H, m, cyclohe- 
xyl), 3.31 (6 H, s, methoxy), and 7.33-8.21 (10 H, m, aroma- 
tic) , 

Mass spectrum, m/e (relative intensity): 473 (M^, 3), 

442 (m’*' - OCH 3 , 6 ), 441 (M'*' - CH 3 OH, 16), 336 (M'*‘ - CH 3 OH 
- COC^H^, 2), 105 (C^H^CO^, 100), and other peaks. 

Anal . Calcd for C 2 gH 2 ^N 0 ^: C, 71.03; H, 5.70; N, 2.95. 
Found: C, 71.42; H, 5.46; N, 2.84. 

I I. 4. 10 Photolysis of a Mixture of cis - l-Cyclohexyl- 
2, 3-dibenzoylaziridine ( 21b ) and. Dimethyl Acetylenedicarbo- 
xylate (DMAD) . A mixture of 21b (1.0 g, 3.0 mmol) and DMAD 
(0.85 g, 6.0 mmol) in acetonitrile (350 mL) was irradiated 
(Hanovia 450 W, medium pressure Hg lamp) for 1 h at ca. 15- 
20 °C. Removal of the solvent under vacuum gave an oily 
substance, which was chromatographed over florisil. Elution 
with a mixture ( 1 : 9 ) of benzene and petroleum ether gave 
excess DMAD (0.36 g), bp 95-98 °C (19 mm). Further elution 
with a mixture ( 1 : 1 ) of benzene and petroleum ether gave 
90 mg ( 8 >^) of unidentified compound ^^20^18‘^6V» mp 189- 
190 °C (mixture mp), after recrystallization from a mixture 
(1:9) of benzene and petroleum ether. Continued elution with 
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a mixture (1:1) of benzene and petroleum ether gave 50 mg 
{ 2 '/-) of the pyrrole mp 109-110 °C (mixture mp), after 
recry s tal liza tion from a mixture (1:9) of benzene and petro- 
leum ether. Further elution with benzene gave 770 mg (54/.) 
of the 3-pyrroline ( superimposable ir spectrum). Subse- 
quent elution with a mixture (7:3) of benzene and ethyl 
acetate gave 100 mg (9/), of unidentified compound (C2iH23N0^), 
mp 153-154 °C (mixture mp), after recrystallization from a 
mixture (3:7) of benzene and petroleum ether. 

11. 4. 11 Laser Flash Photolysis For laser flash 
photolysis, pulse excitation was carried out mostly at 
337.1 nm (2-3 mJj'^S ns), employing a Molectron UV-400 nitro- 
gen laser system. For some experiments, the output (third 
harmonic, 355 nm, 5-20 mj, 6 ns) from a Quanta-Ray Nd-YAG 
system was also used. The transient phenomena were observed 
in terms of absorption in 2-3 nm quartz cells by using a kine- 

O 1 ^ T 

tic spectrophotometer described elsewhere. ' Unless oxygen 
effects were meant to be studied, the solutions were deoxyge- 
nated by purging with argon or nitrogen. In the experiments 
requiring a large number of laser shots (e.g., for wavelength- 
by-wavelength measurements of transient absorption spectra), 
a flow system was used in which the solution for photolysis 
was allowed to drain from a reservoir through the cell. 

21 

11.4.12 Pulse Radiolysis . For pulse radiolysis, 5 ns 
electron pulses from the Notre Dame 7-MeV ARCO LP-7 linear 



accelerator was used at dose rates of 2 x 10^^ eV/g per pulse. 

The details of computer-cojatrolled spectrophotometric dete- 

ction system are available elsewhere. * Nitrogen-saturated 

benzene solutions were allowed to flow through a quartz cell 

( 1 cm path length), that was irradiated with electron pulses 

in a right-angle geometry with respect to the analyzing light. 

The conventional lamp flash photolysis system is described 
64 


elsewhere. 
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CHAPTER III 


PHOTOTRANSFORMATIONS OF BENZOPYRANOLS 

III.l ABSTRACT 

The phototransformations of several 4H-benzopyran-4-ol 
systems incorporating the 1 , 2-dibenzoylalkene moiety such as 
2,3-dibenzoyl“4H-l-benzopyran-4-ol ( 16a ) « 2, 3-dibenzoyl- 
4--methyl--4H-l-benzopyran-4-ol ( 16b ) . and 2, 3-dibenzoyl-lH-naph- 
tho[2, l-b]pyran-l-ol ( 16c ) have been examined by steady-state 
photolysis, product analysis and nanosecond laser flash photo- 
lysis. These benzopyranols 16a-c , themselves, were prepared 
by the nucleophilic addition of the corresponding o-hydroxy 
carbonyl compounds 12a-c to dibenzoylacetylene (DBA, 13) . 

Direct photolysis pf 16a-c gave the corresponding 2H-l-ben 
zopyran-2-ols 15a , c and/or their methoxy analogues 18a, c or the 
anhydro derivative 19b , presumably through the intermediacy of 
the carbocations 21a-c , generated as a result of photodehydroxy 
lation. No product such as butenoic acid/ester derivatives, 
attributable to the intramolecular phenyl group migration along 
the 1, 2-dibenzoylalkene moieties could be observed. 

The laser flash photolysis of the 4H-benzopyranols 16a-c 
and the 2H-benzopyranols 15a , c showed the formation of their 
triplets, characterized by unusually short lifetimes (submicro- 
second). indicating the reactive nature of the triplets. In 
addition, in the case of 15a , c . longer-lived transient species, 
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characterized by absorptions at long wavelengths (700-800 nm) 
were observed; these were best assigned as the biradicals pro- 
duced as a result of ring-opening via triplet-mediated C^-O 
bond cleavage. 

III. 2 INTRODUCTION 

1 , 2-Dibenzoylalkenes are known to undergo interesting 

photorearrangements leading to ketene-derived products, besides 
. 1—5 

cis - trans isomerization. Thus, it has been reported that the 

irradiation of cis -dibenzoyls tilbene { 1 ) in a mixture (1:1) of 
benzene and methanol, for example, gives a mixture of methyl 
4-phenoxy-3,4,5-triphenyl-3-butenoate (4b) and trans -dibenzoyl- 
stilbene (3)."^ Similar transformations have been observed in 
the case of dibenzoyls tyrene, 1 ,2-dibenzoylethylene and related 

3 

dibenzoylalkenes . Padwa et al_. have shown that the photolysis 
trans -dibenzoyls tilbene (3) gives rise to different products, 
depending on the solvent employed. Thus, the photolysis of 3 
in dry benzene, for example, gave a mixture of cis -dibenzoyl— 
stilbene (_1) and l-hydroxy-2,3-diphenyl-4-phenoxynaphthalene (6), 
whereas 4-phenoxy-2,3,4-triphenyl-3-butenoic acid (4a) was 
formed in aqueous dioxane. The formation of the different pro- 
ducts in such reactions has been rationalised in terms of the 

3 4 

pathways shown in Scheme III.l. ' 

Recent studies from this laboratory have shown that the 
irradiation of cis-l,2-dibenzoylalkenes, wherein the cis - trans 
isomerization is restricted due to structural constraints, gives 



123 


Scheme III.l 
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rise to the ketene-derived products predominantly,^ Also, it 

has been shown that the phototransformations of 1,2-dibenzo- 

ylalkenes are strongly influenced by the nature of the substi- 
, 7— IQ 

tuents present in them. Thus, dibenzobarrelenes contain- 

ing 1 ,2-dibenzoylalkene moieties have been found to undergo 
reactions characteristic of the barrelene chromophore,^""^^’^*^ 
whereas 1-imidazolyl and l-pyrazolyl-l , 2-dibenzoylalkenes 
undergo the dibenzoylalkene rearrangement, as well as electro- 
cyclic reactions involving aryl substituents present on the 
imidazolyl and pyrazolyl rings, ” In contrast to these, 
1-aziridinyl-l ,2-dibenzoylethylenes have been found to undergo 
facile ring-expansion reactions leading to pyrazoline deriva- 

1 A 1 '7 

tives and photofragraentation reactions. * 

In the present studies, we have examined the photo- 
transformations of some representative 4H-l-benzopyran-4-ols 
incorporating the 1,2-dibenzoylalkene moiety with a view to 
studying the nature of products formed in these cases and also 
the reaction pathways. The photoreactions of these systems 
can, in principle, follow two distinct pathways - one involv- 
ing the reaction of the 1,2-dibenzoylalkene moiety and the 
other involving the benzopyranol fragment. The anticipation 
for the latter reaction pathway has been based on some of 
the recently reported examples of adiabatic photodehydroxyla- 
tion reactions of related systems. Thus, the photodehydroxy- 
lation of 9-phenylxanthen-9-ol (9) to give the carbocation 10, 
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has been suggested to proceed through its singlet excited 
state by an adiabatic process. The same carbocation is 
formed when 9 is treated with a strong acid, which could be 
independently excited to its singlet excited state, 10* 

(Scheme 111.2).^° 

The 4H-l-benzopyran-4-ols that we have taken up for 
steady-state photolysis studies include 2, 3-dibenzoyl-4H-l-ben- 
zopyran-4— ol (16a), 2, 3— dibenzoyl— 4-methyl— 4H-l-benzopyran-4-ol 

(16b), and 2, 3-dibenzoyl-lH-naphtho[2. l-b]pyran-l-ol ( 16c ) . 

The steady-state photolysis studies of a few other related 
systems such as 2, 3-dibenzoyl-2H-l-benzopyran-2-ol ( 15a ) , 

2 , 3-dibenzoyl-4-me thylene-4H-l-benzopyran (19b), and 2,3-di- 
benzoyl-4H-l-benzopyran-4-one (20a) have also been attempted. 

In addition to 16a-c and 15a , 2,3-dibenzoyl-3H-naphtho[2,l-b]- 
pyran-3-ol ( 15c ) , 2 , 3-dibenzoyl-2-methoxy-2H-l-benzopyran ( 18a ) , 
and 2,3-dibenzoyl-3-methoxy-3H-naphtho[2,l-b]pyran ( 18c ) were 
also subjected to nanosecond laser flash photolysis studies to 
characterize the nature of the transients involved in their 
' phototransformations. 

III. 3 RESULTS AND DISCUSSION 

III. 3.1 Preparation of Starting Materials . Addition of 

several ortho -di subs titu ted nucleophiles to acetylenic ketones 

has been successfully employed in the synthesis of a variety 

21-23 

of heterocycles. ' It has been reported earlier from this 
laboratory that the nucleophilic addition of o-hydroxy carbonyl 
compounds such as 12a, b to dibenzoylacetylene (DBA, 13) gi-ves 



Scheme III. 2 



-H2O, 
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rise to the corresponding 4H-l“benzopyran-4-ols 16a, b or the 

2H-1— benzopyran-2-ol 15a , depending on the reaction condi— 

34 ' 

tions . In the present studies, we have prepared, 2,3-di- 
benzoyl~lH-naphtho[2,l-b]pyran-l-ol. ( 16c . 86*/) by the addition 
of 2-hydroxy-l-naphthaldehyde (1^) to DBA (W) in the presence 
of anhydrous potassium carbonate in acetone at room temperature. 
The 3H-naphtho[2, l-b]pyran-3-ol 15c (52^) was prepared by the 
acid-catalysed isomerization of 16c . The benzopyranone 20a was 
prepared through the nickel peroxide oxidation of 16a (96*/) in 
benzene at 25 °C, whereas the 4-methylene-4H-l-benzopyran 19b 
was prepared through the acid-catalysed dehydration of 16b 
(Scheme III. 3). The structures of 15c , 16c . 19b , and 20a were 
established on the basis of analytical results, spectral data 
and chemical transformations. 

III. 3. 2 Preparative Photochemistry and Product Identifi- 
cation . Irradiation (RPR 3000 8) of 16a in benzene and in 
acetone gave 15a exclusively in 65/ and 74/ yields, respectively, 
whereas that of 16a in methanol gave a mixture of 15a (58/) and 
18a (17/) (Scheme III. 4). The photolysis of 16b in benzene, 
acetone and in methanol, on the other hand, gave the dehydra- 
tion product, 2, 3-dibenzoyl-4-methyiene-4H-l-benzopyran ( 19b ) 
in good yields (55-63/), as the only isolable product. Irradia- 
tion of 16c in benzene gave a mixture of 15c (44/) and (E)- 
l-( l-formyl-2-naphthoxy)-l,2-dibenzoylethylene ( 22c , 2/), where- 
as the irradiation in acetone gave 15c (85/), as the only iso- 
lable product. In contrast, the photolysis of 16c in methanol 
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Scheme HI. 3 
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gave a mixture of (40/.) and 2, 3-diben2oyl-3-methoxy-3H-na- 
phtho[2, 1-bJpyran (J^, 17/) (Scheme III. 4). 

Irradiation of a representative 2H-l-benzopyran-2-ol 
such as 15a in methanol gave the methoxy derivative 18a (36/), 
along with a 30/ recovery of the unchanged starting material 
( 15a ) (Scheme III. 4). Attempted irradiation of 2, 3--dibenzoyl~ 
4-methylene-4H-l-benzopyran ( 19b ) and 2,3~dibenzoyl-4H-l-ben- 
zopyran-4-one ( 20a ) in different solvents did not give any 
isolable product, most of the 19b and 20a (60-84/) could be 
recovered unchanged, in each case. 

The structures of all the photoproducts were established 

on the basis of analytical results, spectral data and chemical 

evidence, wherever possible. Thus, the treatment of the 

4H-l-benzopyran-4-ols 16a , c with hydrochloric acid in methanol 

under reflux, gave the corresponding 2H-l-benzopyran-2-ols 

15a , c in 44/ and 52/ yields, respectively. Treatment of 16a ,c 

with p-toluenesulphonic acid in dry methanol at 15-20 °C, on 

the other hand, gave the methoxy derivatives 18a , c (44-57/). 

The stereochemistry across the alkene bond in 22c has been 

assigned as that of the E-configuration, on the basis of steric 

35 

considerations and literature precedents. 

The formation of the different products in the steady- 
state irradiation of the benzopyranols 15a and 16a-c can be 
understood in terms of the pathways shown in Scheme 111,4. 
Photodehydro xylation from the excited state(s) of 15a « 16a— c 
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gives the carbocations 21a-c , which undergo subsequent trans- 
formations to the observed products, depending on the reaction 
conditions. Thus, the reaction of 21a , c with adventitious 
water will give rise to the 2H-l-benzopyran-2-ols 15a, c , whereas 
the reaction of 21a , c with methanol will lead to the correspond- 
ing methoxy derivatives 18a , c . The preferential formation of 
the 2H-l-benzopyran-2-ols 15a , c or the methoxy analogues 18a , c 
from 21a , c may be attributed to their thermodynamic stability 
over the corresponding 4H-pyran analogues. These observations 
are in agreement with earlier reports on the kinetic and thermo- 
dynamic control over the reaction of methoxide anion with seve- 
ral pyrilium cations and related systems. 

The formation of 19b from 16b can also be explained in 
terms of the carbocation intermediate 21b , which can undergo 
ready deprotonation under the reaction conditions. The inter- 
mediacy of 21b in the phototransformation of 16b was confirmed 
through NMR evidence. Thus, when a solution of 16b in ben- 
zene, after 20 min of irradiation, was treated with methanol 
and the solvent removed under vacuum, an initial mixture of 
the methoxy derivative 18b and the dehydration product 19b in 
a 1:3 ratio was present, as evidenced by NMR signals. Sub- 
sequent workup, however, resulted in the isolation of 19b , as 
the only product. The methoxy derivative 18b , formed initially 
may be getting transformed to 19b , under the conditions of 
workup . 
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It is pertinent to note that in the course of the irradia- . 

tion of the benzopyranols 16a-c , none of the products result- 

1—5 

ing from the 1 ,2-dibenzoylalkene rearrangement could be ob- 
served. It appears that the most facile process from the exci- 
ted states of these substrates is the .photodehydroxylation 
reaction, as against the potential 1 , 2-dibenzoylalkene rearran- 
gement. 

III. 3. 3 Laser Flash Photolysis Studies . ^ In order to 
shed light on the probable intermediates involved in the obser- 
ved phototransformations, the 4H-benzopyranols 16a-c , and some 
of the photoproducts derived thereof, such as 15a , c and 18a , c , 
were subjected to nanosecond laser flash photolysis studies in 
benzene and methanol solutions at room temperature (295 K), 

Because of strong ground-state absorptions of these compounds 
at 337.1 nm, it was convenient to employ, for direct excitation, 
laser pulses (2-3 mJ, 8 ns) from a Molectron UV-400 source. 

In all of our experiments, the concentration of the solutions 
were £5 mM (absorbance = 0. 2-1.0 in 2 mm cells at 337.1 nm) . 

Upon 337.1 nm laser pulse excitation, benzene and methanol 
solutions of 16a-c produce short-lived species, characterized 
by submicrosecond lifetimes ( "^ = 0.2-0. 3 ps) and broad absorp- 
tion spectra (X^_^ = 370-375 nm). The transient absorption 
spectra and decay traces in benzene are presented in Figure III.l. 
The long-lived residual absorptions at the end of the decay of 
the short-lived components (Figure III.l) are very weak. Based 
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Fig. III. 1 Transient absorption spectra from 337.1 nm 

laser pulse excitation of (A, A') 16a . (B, B') 16b 
and (C.CO 16c in benzene at 295 K. Insets: 
kinetic traces at 370 nm in respective cases. 
The times (after laser flash) at which the 
spectra were observed are given in the figures 
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on the following evidence, the short-lived components have been 
assigned to the triplets of the substrates 16a-c . First, the 
transients were readily quenched by oxygen, nitroxy radical 
(4-hydroxy“2,2,6,6-tetramethylpiperidinpxy, HTEMPO) and ferro- 
cene, the rate constants for quenching by ferrocene being in the 
limit of diffusion control (k = 5. 3-5. 9 x 10^ in benzene). 

M 

Second, when benzene solutions of 16a-c containing 0.1-0. 5 mM 
p-carotene were f lash-photolysed at 337.1 nm, growths of tran- 
sient absorptions at 520-600 nm due to ^-carotene triplet were 
observed, suggesting that triplets acting as excitation donors 
to P-carotene were formed. The kinetics of the formation of P- 
carotene triplet absorption were faster than, but close to, 
those of the decay of the 360-370 nm transients from 16a-c . Al- 
though in these experiments p-carotene absorbed a substantial 
fraction of the laser photons (up to lO/.) , there was practically 
no triplet formation as a result of the direct excitation because 
of its negligible intersystem crossing efficiency (this was con- 
firmed by blank experiments in which ^-carotene solutions were 
flash photolysed in the absence of donors). Third, the laser 
pulse excitation (337,1 nm) of benzophenone (BP) in benzene 
in the presence of 0, 4-2,0 mM 16a-c showed the enhancement 
of the decay of BP triplet (monitored at 532 nm) $ the 
bimolecular rate constant for BP triplet quenching by 16a-c 
were estimated in the range (3-4) x 10 M $ . At rela- 

tively high concentrations (1, 5-2,0 mM) of 16a-c , the dela- 
yed formation of their short-lived triplets was clearly in- 
dicated at 360-450 nm as a result of energy transfer from BP 
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triplet. In these experiments, the ground-state absorbance 
due to BP at the laser excitation wavelength was relatively 
high (2. 0-3.0 in 2 mm cells at 337.1 nm) so that only <20/. of 
the laser photons were absorbed by the substrates (acceptors). 
None of the corapgunds 16a-c proved to be an efficient quencher 
for camphorquinone (CQ) triplet, as established by experiments 
in which the latter was produced in benzene under 485 nm laser 
pulse excitation of CQ in the presence of 16a-c . The decay 
kinetics of CQ triplet in the presence (5 mM) and in the absence 
of 16a-c was found to be practically identical. This suggests 
that the triplet energies (Ej) of 16a-c are higher than that of 
CQ (E^ = 52 kcal mol“^).^ 

Unfortunately, the long-lived residual absorptions follow- 
ing the decay of the triplets in the case of 16a-c were not 
strong. This precluded any meaningful experiments to identify 
them as carbocations 21a-c . Therefore, we explored the possi- 
bility of photogenerating the carbocations from the 2-pyranols 
15a, c and their methoxy analogues 18a , c . In particular 15a was 
investigated in detail by laser flash photolysis. 

Upon 337.1 nm laser pulse excitation, benzene and methanol 
solutions of 15a produced a long-lived transient species, cha- 
racterized by a broad absorption band system at long wavelengths, 
i.e., 600-800 nm ( in addition to sharper and stronger absorp- 
tions at 340-370 nm) (Figure III. 2). As shown in the insets of 
Figure III. 2, the transient decayed over microseconds with 
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Fig. 111.2 Transient absorption spectra -from 337.1 nm laser 
pulse excitation of 15a in (A, A') benzene and 
(B,B0 methanol at 295 K. The curves C and C' 
represent the absorption spectra of the car bo - 
cation from 15a in 10 M H 2 SO 4 (see text) and 
that of 15a . respectively . Insets: typical kinetic 
traces at long wavelength in benzene and 
methanol in respective cases. 
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complex kinetics. In the presence of oxygen, the decay kine- 
tics in methanol became predominantly first-order, the observed 
lifetime being 0.55 ps in air-satu.rated methanol. Based on 
this lifetime, the rate constant for oxygen quenching was esti- 
mated to be 9 x 10 M s in methanol. In air-saturated ben- 
zene also, the decay of the 750 nm species became considerably 
enhanced, although this could not be fitted well into single- 
exponential first-order kinetics. Another interesting property 
of the 750 nm species was that it was quenched by the nitroxy 

radical, HTEMPO, the rate constant for the quenching being 
7-1-1 

1.5 X 10 M s (in benzene). On the other hand, the decay 
behaviour of the 750 nm species in benzene remained practically 
unchanged upon addition of ferrocene (up to 6.1 mM), suggesting 
that it cannot possibly be a triplet with Ej > 40 kcal mol~^. 

In order to know if the oxygen quenching of the 750 nm 

1 *■ 1 . 

species leads to the formation of singlet oxygen ( 0^ » 
experiments were carried out in which air-saturated solutions 
of 15a in benzene and methanol and that of BP in benzene, opti- 
cally matched at 337.1 nm (absorbance = 2.0 in 2 mm cells), were 
flash photolyzed at this wavelength in the presence of 0.05 mM 

diphenylisobenzofuran (DPBF). The bleaching of DPBF as a result 

1 * 

of its reaction with ©2 ( endo-peroxide formation) was monitored 

at 420 nm (over *-100 ps). Interestingly, the relative amounts 

' 1 * ' ' ' 

of photogenerated O^* measured in terms of negative absorbance 
change due to DPBF depletion, was about twice as much in the 
case of 15a as in the case of BP. Since the triplet of 15a is 
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too short-lived to be significantly quenched by oxygen in air- 
saturated solutions (see later), the oxygen quenching of the 
750 nm species appears to be the most reasonable source of ^0^ 
in the case of 15a » It should be noted that the bleaching of 
DPBF in the case of 15a was not observed in deoxygenated solu- 
tions. 

The transient behaviour of the 750 nm species in mildly 
acidic and basic conditions was studied using solutions of 15a 
in a mixture (1:1) of methanol and water (v/v). Addition of 
sulphuric acid up to 2.0 mM did not affect the decay kinetics 
of the observed transient species. However, upon gradual addi- 
tion of NaOH (up to 1.2 mM), the transient absorption at 340- 
350 nm was seen to undergo progressively enhanced decay. Con- 
comitant to this decay, there was growth of transient absorption 
at 360-380 nm. From the linear dependence of the pseudo-first- 
order rate constant for transient absorption decay at 340 nm on 

[NaOH], the rate constant for the reaction of the 340 nm tran- 

g —2. 

sient with the base was measured to be 3.0 x 10 Ms ( in a 
mixture (1:1) of methanol and water, v/v). It should be noted 
that the ground state spectrum of 15a in aqueous methanol does 
not change in the presence of low concentration of sulphuric 
acid employed, indicating the lack of formation of the carboca- 
tion 21a , under this condition. The carbocation 21a is apparent 
ly formed (as shown by the development of yellow colouration) 
when the substrate was added, as a small quantity of solid or 
acetonitrile solution, to strong sulphuric acid (10 M) . The 
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resultant absorption spectrum is shown in Figure III. 2, part C; 
the extinction coefficient in this figure was calculated on the 
basis of the assumption that the amount of 15a added to the acid 
is completely dehydroxylated to the carbocation 21a and that 
there is no loss of 15a via side or subsequent reactions. In 
the weakly alkaline medium, i.e., in the presence of sodium hy- 
droxide (1.2 mM) in aqueous methanol, 15a developed a long tail 
(370-550 nm) beyond its lowest-energy absorption band system 
(X^ax “ nm) ; the intensity of this tail absorption slowly 
increased with time (over hours) as the basic solution was 
allowed to stand in the dark, suggesting that it was due to the 
product of a thermal reaction of 15a with the base (most proba- 
bly, base-catalysed ring-opening to give the corresponding pheno 

34 

xide derivative). The laser flash photolysis experiments in 
the basic medium (described above) were carried out within 
minutes after the addition of sodium hydroxide, to ensure that 
the light absorption at excitation wavelength (337.1 nm) was 
still dominated by the unchanged substrate ( 15a ) ♦ 

The monitoring of transient absorption on a short time 

domain (50-100 ns) following the laser pulse excitation of 15a 

in benzene or methanol shows an extremely short-lived species 

that absorbs at 400-500 nm (X 440 nm) . In benzene the 

max 

decay ( "^ ^ 10 ns) of this species nearly follows the laser 
pulse; the decay lifetime is shown to be longer (*- 20 ns ) in 
methanol. Because of the short lifetime, no quenching studies 
could be convincingly done to establish the identity of the 
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transient. However, based on the observation of an analogous 
but longer-lived phototransient that is characterized as the 
triplet of the methoxy derivative 18a (see later), it seems 
extremely likely that the 10-20 ns transient observed in the 
case of 15a constitutes its triplets. 

The transient phenomena observed upon 337.1 nm laser flash 
photolysis of 15c in benzene and methanol were dominated by fast- 
decaying species ( t ~ 0.4 ps) having an absorption maximum at 
540 nmj this was followed by a longer-lived component ( t ~ 85 ps 
in benzene), the absorption of which extended to long wavelengths 
~ 415-420 and *^ 750 nm) (Figure III. 3). Detailed quench- 
ing studies on the short-lived component = 540 nm) using 

oxygen, HTEMPO and ferrocene establish this to be due to the 
triplet of 15c ; these kinetic studies also showed that the 
longer-lived component was a product of the decay of this tri- 
plet (that is, the magnitude of the residual absorption decreased 
proportionately as the triplet is progressively quenched by fe- 
rrocene or HTEMPO). The longer-lived component, monitored at 
415-420 nm, was also quenched by oxygen and HTEMPO with rate 

3 7 — 2 . 

constants of 1.2 x 10 and 1,7 x 10 M s , respectively (in 
benzene). This behaviour is reminiscent of that observed for 
the 750 nm species in the case of 15a ( vide supra ) . 

Experiments on the methoxy derivatives 18a, c , similar to 
those described above for 15a, c , led to the characterization of 
their triplets for 18a and 550 nm for 18c , see 

Figure III. 4, parts A and B). Note that the triplets of the 
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Fig. III. 3 Transient absorption spectra observed at 

(A) 0.1 and (B) 1,3 ps, following 337.1 nm laser 
flash excitation of 15c in benzene at 295 K . 
Inset : kinetic trace for transient absorption 
decay at 550 nm. 
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Fig. III. 4 Transient absorption spectra from 337,1 nm 

laser flash excitation of (A,A') 18a and (B, B') 
18c in benzene at 295 K . The times (after laser 
pulse) at which the spectra were observed are 
given in the figures. Insets : kinetic traces from 
triplet absorption decay of (a) 18 a and (b) 18c 
in benzene. 
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methoxy derivatives ( ISa.c ) were significantly longer-lived 
than their hydroxy analogues ( 15a , c ) , Triplet mediated, longer- 
lived residual absorptions, spectrally similar to those observed 
in the case of 15a , c , but considerably weaker in intensity, were 
also observed in the case of 18a , c (Figure III. 4, parts A* and 
B'). The spectral and kinetic data for the triplets of the 
various substrates are summarized in Table III. 1. 

t 


The short lifetimes (submicrosecond) of the benzopyranol 
triplets reflect their reactive nature. Although each of these 
molecules has a double bond as a part of the chromophore, twist- 
ing about this bond in the triplet state should not be facile 
because of the constraint imposed by the ring. Also, such a 
relaxation in the triplet state (if extensive would manifest 
itself in the rate constants for quenching by oxygen and ferro- 
cene (that is, k by oxygen would be relatively high while k 
by ferrocene would be relatively low). In view of the photo- 
chemistry observed under steady state irradiation (described 
earlier) , dehydroxylation to the carbocations 21a-c appears to 
be a major photochemical pathway for the decay of the triplets 
of 15a , c and 16a-c . 


One can think of several possible assignments for the long- 
lived species (600-800 nm) observed in the case of 15a , c and 
18a ,c . As shown below, these include: (i) carbocations 21a , c 
in the ground state, (ii) triplet states of carbocations 21a, c 
produced adiabatically on the triplet surfaces of 15a , c or 18a, c , 
(iii) radicals produced as a result of homolytic scission of the 
hydroxyl or methoxy group and (iv) ring opened biradicals from 
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TABLE III.l Absorption-spectral and Kinetic Properties of 
Triplets in Benzene at 295 K 


sub- 

strate 

T y^rn^ 

X t niB— ' 

max ’ 



k ^ 
q 

°2 

lo’ M-^s-1 

HTEMPO 

c 

ferrocene 

1 6a 

365 

0.33 

(0.17) 

1.2 

1.1 

5.9 

16b 

370 

0.27 

(0.24) 

1.1 

0.74 

5.3 

16c 

370 

0.28 

(0.30 

0.97 

0.95 

5.3 

15a 

~440 

£0.01 

(~0.02) 




15c 

460 

0.12 

(0.15) 

1.3 

0,54 

6.2 

18a 

540 

0.35 

(0.43) 

1.6 

0.69 

6.8 

18c 

550 

0.75 

(0.98) 

1.3 

0.08 

4.4 


a K 

— + 5 nm. — + 15/ ; the data in parentheses are in methanol, 

— + 15/ ; the oxygen quenching rate constants were measured 
from triplet decay rates in air-saturated benzene (vs. those 
in degassed solutions). 
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homolytic cleavage of the C^-O bond (Scheme III. 5). Among 
these, the carbocation assignment seems very likely because 
of the phototropic photochemistry observed in the course of 
steady-state photolysis. Note that one would expect the photo- 
generated carbocations 21a , c to decay by mixed or second-order 
kinetics (i.e., by reaction with OR~ and/or reaction with hydro- 
xylic solvent molecules). However, a close examination of the 
results reveals several facts that do not support the carboca— 
tion assignment. First, the observed difference spectrum due 
to the transient species in question in the region of ground- 
state absorption of 15a does not agree with that expected on 
the basis of the difference spectra of 15a and the carbocation 
21a . Specifically at 250-450 nm, the extinction coefficients 
of the carbocations are much higher than those of 15a and thus 
one would expect only positive absorbance change in this spe- 
ctral region as a result of the carbocation formation from 15a 
(in disagreement with the bleaching observed at 360 mm in 
methanol. Figure III. 2, parts B and B')* Second, the extinction 
coefficient of the carbocation, as generated from 15a and 16a 
in strong sulphuric acid,^^ is not high enough at 600-800 nm 
to account for the laser-flash- photolytic absorbance changes 
in this region. A comparison of the end-of-pulse absorbance 
change at 720 nm for 15a in methanol with that due to benzo- 
phenone triplet at 520 nm in acetonitrile produced in optically 
matched solutions shows that the product of the extinction 
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coefficient and the photochemical yield of the carbocation 
would have to be ^1200 M*”^ cm”^ in order to be singly respon- 
sible for the absorbance changes at the long wavelengths. 

Since the photochemical yield is <1.0, this means that the 
carbocation would have a band system at 600-800 nm with extin- 
ction coefficients ^1200 M ^ cm There is no way such a 
strong band system would remain undetected when 15a or 16a is 
dissolved in strong sulphuric acid (10 M). Third, the sensi- 
tivity of observed transients toward oxygen and HTEMPO is un- 
usual for a carbocationic species in the ground state. 

An assignment in terms of carbocation triplets would be 

interesting because there are precedents of photoadiabatic 

dehydro xylation in singlet excited state manifolds (e.g., 

20 

9-phenylxanthen-9-ol) . Note that such a process in the tri- 
plet manifold also would be spin allowed. From the onset of 
absorption of the carbocation from 15a (at 750 nm) , the sin- 
glet energy (most probably S-^) is estimated at 38 kcal mol”^. 

It is possible that the triplet energy (Tj^) of the carbocation 

\ * 

would be close to the excitation energy of singlet oxygen ( O 2 , 

) , and hence the quenching of the carbocation triplets by 
3 

O 2 niay occur by an energy-transfer mechanism, albeit with a 
less than diffusion controlled rate constant (because of lack 
of exothermicity). Thus, the formation of singlet oxygen as a 
result of the oxygen quenching of the 750 nm transient in the 
case of 15a becomes explainable. The quenching by HTEMPO can 

41-44 

also be explained by the spin-exchange mechanism. However, 
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on the following grounds, we are reluctant to accept the 
carbocation triplet assignment. First, since the carbocation 
triplets from 15a and 18a would be identical, their interaction 
with the base (OH ) should occur in a similar manner. In pra- 
ctice, experiments with 18a in the presence of sodium hydroxide 
(0.4-0.8 M) in aqueous methanol do not show the decay/formation 
phenomena at 340-370 nm, as observed in the case of 15a . Second, 
an experiment was performed in which an attempt was made to 
sensitize the carbocation 21a to its triplet excited state. A 
methanolic solution of a mixture of 15a and erythrosin B (absor- 
bances = 2.1 at 308 and 0.20 at 532 nm) was f lash-photolyzed 
sequentially by two laser pulses at the two wavelengths, the 
second pulse (532 nm) being delayed by 14 ps relative to the 
first one (308 nm) . At 308 nm, >95‘/i of the laser photons was 
absorbed by 15a giving rise to the 750 nm species which decayed 
to the extent of ~ 80^ during the interval (14 ps) before the 
arrival of the 532 nm laser pulse. The 532 nm laser pulse pre- 
dominantly photolysed erythrosin B producing its triplet (Ej = 

-1 45 

44 kcal mol ) which was monitored at 600 nm. Although the 
decay of the dye triplet was found to be enhanced when the 
first laser pulse (308 nm) was used to photolyse 15a (relative 
to the case in which 15a was not photolyzed), there was no indi- 
cation for delayed formation of the 750 nm species as a result 
of possible energy transfer from the dye triplet to the photo- 
generated carbocation 21a . 
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For two reasons, we rule out the interpretation in terms 
of radicals derived from OR cleavage (path iii). First, one 
would not expect such radicals in the ground state to generate 

1 * 3 

O 2 as a result of interaction with O 2 . Second, for 15a in 
methanol, the ‘OH radical should react with the solvent, pro- 
ducing the reducing radical, *CH 20 Hj the formation of the latter 

should be detectable by its reaction with paraquat, (methyl 

V 46 

viologen;. In laser flash experiments with 15a in the pre- 
sence of 0. 2-1.0 mM PQ'*’^ in methanol ( = 337.1 nm), no 
growths of transient absorption due to the semi-reduced radical 
PQ"*"* (X „ = 395 nm and 615 nm) were observed at either absorp- 

lUa X 

tion maximum. 

Finally, we are left with the assignment in terms of the 

biradicals produced from C 2 -O bond cleavage (path iv). Such 

biradicals would represent the lowest triplet excited states of 

the corresponding enols (or enol-ethers) and may potentially 

interact with O 2 (by an energy transfer mechanism) and a 

nitroxy radical (by a spin exchange mechanism). Also, the 

differences in the acid-base behaviours of the transients from 

15a and 18a become readily explainable in terms of the ketyl 

center at C 2 in the phototransients from 15a . The fact that 

we do not observe electron transfer from this transient (i.e., 

from the ketyl' radical site) to PQ is not disturbing, because 

the ketyl radicals from aromatic a-diketones (e.g., benzil and 

its 4,4' -dimethyl and 4,4' -dime thoxy analogues) have been shown 

47 

to be unresponsive toward methyl viologen. 
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EXPERIMENTAL SECTION 

All melting points are uncorrected and were determined on 
a Mel-Temp apparatus. The IR spectra were recorded on Perkin- 
Elmer Model 377 or 580 infrared spectrometers. The electronic 
spectra were recorded on Cary 17D or 219 spectrophotometers. 

The NMR spectra were recorded on either Varian EM-390 or 
HA-100 NMR spectrometers, using tetramethylsilane as internal 
standard. The mass spectra were recorded on a JEOL JMS-D 300 
mass spectrometer at 70 eV. All steady-state irradiations were 
carried out either in a Srinivasan-Griffin-Rayonet photochemical 
reactor (RPR 2537 or 3000 %) or by using a Hanovia 450 W medium 
pressure mercury lamp in a quartz-jacketted immersion well. 

111.4.1 Starting Materials . 2-Hydroxy -l-naphthaldehyde 
( 12c ) , mp 82-84 °C, dibenzoylacetylene (DBA, 13)f^^*^^ mp 
110-111 °C, 2,3-dibenzoyl-4H-l-benzopyran-4-ol ( 16a ) mp 137- 
138 °C, 2,3-dibenzoyl-4-methyl-4H-l-benzopyran-4-ol ( 16b ) 

rap 173-174 °C, 2,3-dibenzoyl-2H-l-benzopyran-2-ol ( 15a ) mp 
170-171 °C, and 2 ,3-dibenzoyl-2-methoxy-2H-l-benzopyran ( 18a ) 
mp 110-111 °C were prepared by reported procedures. Solvents 
for steady-state photolysis experiments were purified and dis- 
tilled before use. Aldrich Gold-Label solvents were used for 
laser studies. Petroleum ether used was the fraction with bp 
60-80 °C. 

111. 4. 2 Preparation of 2.3-Dlbenzoyl-lH-naphtho[2, l-blpyran 
l-ol ( 16c ) . A mixture of 12c (0.74 g, 4.3 mmol), (1.0 g, 

4.3 mmol) and anhydrous potassium carbonate (0.59 g, 4.3 mmol) 
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in acetone (10 mL) was stirred at 25 °C for 0.5 h and the in- 
organic material was removed by filtration. Removal of the 
solvent under vacuum gave a solid, which was recrystallized 
from a mixture (1:2) of benzene and petroleum ether to give 
1.5 g {&&/.) of 16c « mp 165-166 °C. 

IR spectrum (KBr): 3510, 3440 (OH), 3050, 3020 (CH), 

ulci X 

1665 and 1630 (C=0), 1610 and 1590 (C=C) cm”^. 

UV spectrum X (CH^OH): 234 nm (e, 40,800), 259 (25,500, 
ni3 X o 

sh), 271 (21,500, sh), 281 (16,600, sh), 311 (3,500, sh), and 
325 (2,600, sh). 

NMR spectrum (CDCI3): 6 3.37 (1 H, d, J = 6 Hz, D2O- 
exchangeable, OH), 6.60 (1 H, d, J = 6 Hz, CH), and 6.78-8.03 
(16 H, m, aromatic). 

Mass spectrum, m/ e (relative intensity): 406 (M^, 2), 389 
(m"** - OH, 10), 388 (M"^ - H 2 O, 10), 301 (M'^ - C^H^CO, 78), 300 
(m"^ - C^H^CO, - H, 65), 224 (m'*' - C^H^CO, - C^H^, 47), 105 
(C 6H5CO'*', 100), and other peaks. 

Anal . Calcd for C2YH^gO^: C, 79.80; H, 4.33. Found: C, 
79.56; H, 4.68. 

III. 4. 3 Preparation of 2,3-Dibenzoyl-4H-l-benzopyran-4-one 

( 20a ) . A mixture of 16a (1.0 g, 2.8 mmol) and freshly prepared 

5152 

nickel peroxide ’ (1.0 g) was stirred in benzene (20 mL) for 

40 h at 25 °C. Removal of the inorganic material and the sol- 
vent gave a solid, which was recrystallized from a mixture (1:1) 
of benzene and petroleum ether to give 0.95 g (96>^) of 20a , 
mp 150-151 °C (lit. mp 149-150 °C) . 
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III. 4.4 Irradiation of 2,3-Dibenzoyl-4H~l~benzopYran-4-ol 
( 16a ) . A solution of 16a (500 mg, 1.4 mmol) in benzene (350 ml) 
was irradiated for 8 h (RPR, 3000 ^ at 25 °C). The colour of 
the solution became blue initially, which turned dark yellow on 
prolonged irradiation. Removal of the solvent under vacuum 
gave a residue, which was chromatographed over silica gel. 

Elution with a mixture (1:9) of ethyl acetate and benzene gave 
305 mg (61;^) of 15a , mp 171-172 (mixture mp), after recry- 
stallization from a mixture (3:1) of benzene and petroleum ether. 

In a blank run, a solution of 16a (100 mg, 0.28 mmol) in 
dry benzene (10 ml) was refluxed in the dark for 10 h. Removal 
of the solvent under vacuum, followed by recrystallization of 
the residual solid from a mixture (2:1) of benzene and petroleum 
ether gave 90 mg (90>^) of the unchanged 16a , mp 137-138 °C 
(mixture mp). 

In a repeat run, an acetone solution of 16a ( 500 mg, 

1.4 mmol in 350 ml) was irradiated for 6 h and worked up as in 
the earlier case to give 370 mg (74>^) of 15a , mp 171-172 °C 
(mixture mp). 

In another run, a solution of 16a (500 mg, 1.4 mmol) in 
methanol (350 ml) was irradiated (RPR, 3000 for 8 h. The 
solvent was removed under vacuum and the residue was chromato- 
graphed over silica gel. Elution with a mixture ( 1; 1) of benzene 
and petroleum ether gave 52 mg (lO;^) of 2,3-dibenzoyl-2-methoxy- 
2H-l-benzopvran ( 18a ), mp 110-111 °G, after recrystallization 


from methanol. 
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IR spectrum (KBr); 3050, 2970, 2825 (CH), 1700, 1650 

(C=0), 1630, 1600 and 1570 (0=0) cm"^. 

UV spectrum X (CH-OH): 245 run (e, 38,200), 295 (25,600), 

luo X sj 

and 340 (11,400). 

NMR spectrum (CDCl^)! 5 3.54 (3 H, s, methoxy) and 7.15— 
8.20 (15 H, m, aromatic and vinylic). 

Anal . Calcd for ^24^18*^4* 77.84; H, 4.86. Found: C, 

77.61; H, 4.97. 

Subsequent elution of the column with a mixture (9:1) of 
benzene and ethyl acetate gave 260 mg (52>4) of 15a , mp 171- 
172 (mixture mp), 

34 

Acid-Catalysed Conversion of 16a to 15a . A solution of 
16a (90 mg, 0.25 mmol) in methanol (10 mL), containing a small 

amount of hydrochloric acid (0.1 N, 1 mL) was refluxed for 

\ 

10 min. Removal of the solvent under vacuum gave 70 mg (77*/) 
of 15a , mp 170-171 °C (mixture mp), after recxystallization from 
a mixture (3:1) of benzene and petroleum ether. 

34 

Acid-Catalysed Conversion of 16a to 18a . A solution of 
16a (356 mg, 1 mmol) in dry methanol (10 mL) was refluxed with 
p-toluenesulphonic acid (0.1 N, 5 mL) for 1 h. The reaction 
mixture was cooled and then neutralized with pyridine. Removal 
of the solvent under vacuum gave a residual solid, which was 
extracted with ether. The ether-extract was washed with water, 
dried over anhydrous sodium sulphate and the solvent was removed 
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under vacuum to give 100 mg (28yi) of 18a . mp llO-lll (mix- 
ture mp), after recrystallization from methanol. 

III. 4. 5 Irradiation of 2,3-Dibenzoyl— 4-methyl-4H-l-benzo- 
pyran-4-ol ( 16b ) . A solution of 16b (500 mg, 1.35 mmol) in 
benzene (350 mL) was irradiated (RPR, 2537 8) for 3 h. Removal 
of the solvent under vacuum gave a residue, which was chromo- 
tographed over silica gel. Elution with a mixture (1:1) of ben- 
zene and ethyl acetate gave 300 mg (63j4) of 19b . rap 220-221 °C, 
after recrystallization from a mixture (1:1) of acetone and 
petroleum ether. 

IR spectrum tv (KBr); 3045, 2940 (CH), 1670, 1635 (C=0), 

Itio X 

1580 and 1570 (C=C) cm"^. 

UV spectrum (THE): 257 nm (e, 25,400) and 314 (3,600, 

luo X 

sh) . 

NMR spectrum (CDCl^): 6 4.81 (1 H, s, methylene, 5.56 
(1 H, s, methylene), and 7.15-8.21 (14 H, m, aromatic). 

Mass spectrum, m/e (relative intensity); 352 (M^, 26), 

323 (10), 298 (6), 247 (M*^ - C^H^CO, 5), 219 (10), 105 (Cg^H^CO'*', 
62), and other peaks. 

Anal . Calcd for C24^16’^3' Found; C, 

81.57; H, 4.78. 

In a repeat run, an acetone solution of 16b (500 mg, 

1.35 mmol in 350 raL) was irradiated for 3 h and worked up as 
the earlier cases to give 275 mg (55j<) of 19b , mp 220-221 °C 
(mixture rap) . 
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In yet another run, irradiation of a solution of 16b 
(500 mg, 1.35 mmol) in methanol (350 mL) and workup as in the 
earlier cases, gave 310 mg ( 62 /.) of 19b , mp 220-221 (mixture 
mp). 

Acid-Catalysed Conversion of 16b to 19b . A solution of 
16b (200 mg, 0.54 mmol) in methanol (10 mL) containing hydro- 
chloric acid (0.1 N, 5 mL) was refluxed for 5 min. The mixture, 
on cooling, was neutralised with pyridine. The solvent was 
removed under vacuum and the residue was chromatographed over 
silica gel. Elution with a mixture (1:1) of benzene and ethyl 
acetate gave 115 mg ( 60 /) of 19b, mp 220-221 °C (mixture mp). 

Conversion of 16b to 18b . To a solution of 16b (200 mg, 
0.54 mmol) in methanol (10 mL), a solution of £-toluenesulpho- 
nic acid (0.1 N, 2 mL) was added at 10 ®C and the mixture was 
stirred at 15-20 *^C for 1 h. The solid that separated out, 
on cooling, was recrystallized from cold methanol to give 
90 mg (44/.) of mp 108-109 °C. 

IR spectrum V (KBr) : 3040, 3005, 2920, 2820 (CH), 1675 

Illd X 

(C=0), 1590 and 1520 (C=C) cm”^. 

UV spectrum \ (CH^OH): 216 nm ( e, 35,000), 260 (15,000), 

m3 X o 

270 (14,000), and 302 (5,500). 

NMR spectrum (CDClg)^ ® 2.40 (3 H, s, CH^)* 3.49 (3 H, 
s, OCHg)* and 7.05-8.00 (14 H, m, aromatic). 

Anal . Calcd for ^ 25 ^ 20 ^ 4 ' H, 5.20. Found: C, 

77.85; H, 4.98. 



III. 4 . 6 Irradiation of 2t3-Dibenzoyl-lH-naphtho[2,l-bl~ 
pyran-l-ol ( 16c ) . A solution of 16c ( 500 mg, 1.23 mmol) in 
benzene (350 mL) was irradiated (RPR, 2537 S) for 8 h at 25 °C. 
Removal of the solvent under vacuum gave a solid, which was 
chromatographed over silica gel. Elution with a mixture (1:1) 
of benzene and petroleum ether gave 100 mg ( 20 ;^) of 22 c , mp 
209-210 °C, after recrystallization from a mixture ( 1 : 9 ) of 
benzene and petroleum ether. 

IR spectrum v (KBr) : 3040, 2980 (CH), 1700, 1650, 1640 

nidii X 

(0=0), and 1590 (C=C) cm’^. 

UV spectrum (CH- 3 OH) : 226 nm (e, 69,000, sh), 230 

luol X n3 

(69,000, sh), 256 (25,000), 328 ( 11 , 000 ), and 369 (17,000). 

NMR spectrum (CDCl^): 6 7.17-8.38 (17 H, m, aromatic 
and vinylic) and 8.94 (1 H, s, aldehydic). 

Mass spectrum, m/ e (relative intensity); 406 (m"*", 1), 

301 (m"^ - C^H^CO, 3), 300 (m’^ - C^^^CO, - H, 69), 299 (9), 105 
(C^H^CO'^, 100), 77 (C^H^'^, 88 ), and other peaks. 

Anal . Calcd for .C 2 YH^g 04 ; C, 79.80; H, 4.43. Found: C, 
79.62; H, 4.71. 

Further elution of the column with benzene gave 220 mg 
(44>i) of 15c , mp 195-196 °C, after recrystallization from a 
mixture ( 1 : 1 ) of benzene and petroleum ether, 

IR spectrum V ^ (KBr); 3360 (OH), 3060, 3045, 3020 (CH), 

ITlol X 

1683, 1660 (C=0), 1610 and 1590 (C=C) cm”^. 


UV spectrum (CH3OH); 230 nm (e, 46,200), 252 (25,100., 

sh), 322 (7,600, sh), 335 (8,800), and 384 (11,500). 

NMR spectrum (CDCI3): 6 6,15 (1 H, s, D20-exchangeable, 
OH) and 7,05-8.25 (17 H, m, aromatic and vinylic). 

Mass spectrum, m/ e (relative intensity); 406 (M^, 2), 

389 (M"^ - OH, 2), 388 (m'*’ - H^O, 2), 301 (M'*’ - C^H^CO, 80), 

224 (m"*" - C^H^, - C^H^CO, 62), 105 (C^H^CO'^, 66), 77 (C^H^"^, 
100), and other peaks. 

Anal . Galcd for C2yHj^gO^: C, 79.80; H, 4.43. Found; C, 
79.56; H, 4.59. 

In a repeat run, irradiation of an acetone solution of 
16c (500 mg, 1.23 mmol in 350 mL) for 4 h and workup as in the 
earlier cases gave 425 mg (85/) of 15c . mp 195-196 °C (mixture 
mp ) . 

In another run, a solution of 16c (500 mg, 1.23 mmol) in 
methanol (350 mL) was irradiated (RPR, 2537 X) for 6 h. Sol- 
vent was removed under vacuum and the residual solid was chro- 
matographed over silica gel. Elution with a mixture (1;1) of 
benzene and' petroleum ether gave 135 mg (26/) of 18c , mp 125- 
126 °C, after recrystallization from a mixture (1:2) of benzene 
and petroleum ether. 

IR spectrum v (KBr); 3045, 3020, 2945, 2915, 2840 (GH), 

mol X 

1700, 1630 (G=0), 1620, 1590, and 1570 (G=C) cm”^. 

UV spectrum X (GH^OH); 230 nm (e, 48,300), 254 
max o 

(28,000), 334 (9,300), and 381 (11,800). 
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H NMR spectrum (CDCl^)! <5 3.58 (3 H, s, methoxy) and 
7.28-8.30 (17 H, m, aromatic and vinylic). 

Anal. Calcd for *^28^20*^4' 80.00; H, 4.76. Found; C, 

79.74; H, 4.68. 

Further elution of the column with benzene gave 200 mg 
(40>^) of 15c . mp 195-196 °C (mixture mp), after recrystalliza- 
tion from a mixture (1:2) benzene and petroleum ether. 

In a blank run, a solution of 16c (100 mg, 0.25 mmol) in 
methanol (15 mL) was refluxed in the dark for 8 h and worked up 
in the usual manner to give 90 mg (9Q^) of the unchanged 16c , 
mp 165-166 (mixture mp). 

Acid-Catalysed Conversion of 16c to 15c . A solution of 
16c (100 mg, 0.25 mmol) in methanol (10 mL), containing hydro- 
chloric acid (0.1 N, 5 mL) was refluxed for 1 h. Removal of 
the solvent under vacuum gave a solid, which was extracted with 
ether and chromatographed over silica gel. Elution with ben- 
zene gave 52 mg (52^) of 15c , mp 195-196 °C (mixture mp). 

Acid-Catalysed Conversion of l6c to 18c . To a solution 
of 16c (500 mg, 1.23 mmol) in dry methanol (20 mL), p— toluene- 
sulfonic acid (0.1 N, 5 mL) was added and the mixture was re- 
fluxed for 4 h. The reaction mixture, on cooling, was neutra- 
lised with pyridine, poured into water and extracted with ether. 
Removal of ether under vacuum gave a residue, which was chroma- 
tographed over silica gel. Elution with a mixture (1:1) of ben- 
zene and petroleum ether gave 295 mg (57^) of 18c , mp 125—126 C 
(mixture mp) . 



111. 4. 7 Irradiation of 2.3-Dibenzoyl-2H--l~benzopyran--2--ol 
( 15a ) . A solution of 15a (500 mg, 1.4 mmol) in methanol 

(350 mL) was irradiated (RPR, 2537 R) for 15 h. Removal of 
the solvent under vacuum gave a residue, which was chromato- 
graphed over silica gel. Elution with a mixture (1:1) of ben- 
zene and petroleum ether gave 185 mg (36^) of 18a , mp 110-111 °C 
(mixture mp). Further elution with a mixture (9:1) of benzene 
and ethyl acetate gave 150 mg { 30 /*) of the unchanged 15a , mp 
171-172 °C (mixture mp). 

In a blank run, a solution of 15a (100 mg, 0.28 mmol) in 
methanol (20 mL) was refluxed for 15 h and worked up in the 
usual manner to give 90 mg (90^) of the unchanged 15a , mp 171- 
172 °C (mixture mp), 

Acid-Catalysed Conversion of 15a to 18a . A solution of 
15a (356 mg, 1 mmol) in dry methanol (10 mL), containing a 
small amount of 93 ’/. sulphuric acid was refluxed for 20 h. The 
reaction mixture was cooled and neutralised with pyridine. Re- 
moval of the solvent under vacuum gave a product mixture, which 
was extracted with ether. The ether-extract, was washed with 
water, dried over anhydrous sodium sulphate, and the solvent 
was removed under vacuum to give 150 mg (44/4) of 18a , mp 110— 

111 °C (mixture mp), after recrystallization from methanol. 

111. 4. 8 Attempted Photolysis of 2, 3-Dibenzovl-4-methylene 
4H-l-benzopvran (19b). A solution of 19b (250 mg, 0.71 mmol) 
in benzene (300 mL) was irradiated (RPR, 2537 8) for 25 h. 
Removal of the solvent under vacuum gave a residual solid, 



which was chromatographed over silica gel. Elution with a 
mixture (9:1) of benzene and ethyl acetate gave 210 mg (84'/.) 
of the unchanged 19b , mp 220-221 (mixture mp). 

In a repeat run, a solution of 19b (1.0 g, 2.84 mmol) in 
a mixture (9:1) of benzene and methanol (650 mL) was irradiated 
(Hanovia 450 W medium pressure mercury lamp in a quartz-jacke- 
tted inunersion well) for 15 h. Workup of the photolysate as 
in the earlier case gave 650 mg (65/.) of the unchanged 19b . mp 
220-221 °C (mixture mp). 

111. 4.9 Attempted Photolysis of 2,3-Dibenzovl-4H-l-benzo- 
PVran-4-one (20a). A solution of 20a (500 mg, 1.4 mmol) in 
benzene (500 mL) was irradiated (RPR, 2537 %) for 26 h. Removal 
of the solvent under vacuum gave a solid, which was chromato- 
graphed over silica gel. Elution with a mixture (1:1) of ben- 
zene and petroleum ether gave 300 mg (60-/) of the unchanged 
20a, mp 150-151 °C (mixture mp). 

In a repeat run, a solution of 20a (500 rag, 1.4 mmol) in 
a mixture (2:1) of benzene and methanol (500 mL) was Irradiated 
(RPR, 2537 X) for 30 h. Workup as in the earlier case gave 
325 mg (65r/.) of the unchanged 20a , mp 150-151 °C (mixture mp). 

39 

111. 4. 10 Laser Flash Photolysis . The laser pulse exci- 
tation was usually carried out at 337.1 nm (2-3 mJ,*-8 ns), 
employing a UV 400 Molectron nitrogen laser. For some experi- 
ments, use was also made of laser pulses at 355, 485, and 

532 nm (Quanta-Ray DCR-1 Nd:YAG coupled with PDL-1 dye laser, 

6 ns, C50 mJ) as well as at 308 nm (Lambda-Physik EMG MSC gas 



excimer, 20 ns, ^50 mJ). The transient phenomena were studied 

54-56 

by using a kinetic spectrometer described elsewhere. The 

solvents used were benzene and methanol, and unless oxygen 
effects were meant to be studied, the solutions were deaerated 
by purging with argon. In experiments where a large number of 
laser shots were necessary, e.g. , for wavelength-by-wavele 
measurements of transient absorption spectra, a flow syste 
used in which the solution for photolysis was allowed to d 
from a reservoir through a 3 mm quartz cell. 
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